


SUN UP TO
SUN DOWN

PROPERTY (o
us. GQVFDNMF';T

Shawn Buckley

Department of Mechanical Engineering
" Massachusetts Institute of Technology

An Energy Learning Systems Book
McGRAW-HILL BOOK COMPANY

New York, St. Louis, San Francisco, Auckland, Bogota, Dusseldorf, Johannesburg,
London, Madrid, Mexico, Montreal, New Delhi, Panama, Paris, Sao Paulo, Singapore,
Sydney, Tokyo, and Toronto




TO HANK, MY MENTOR

Library of Congress Cataloging in Publication Data

Buckley, Shawn, date
Sun up to sun down.

Includes index.

1. Solar energy. |. Title.
TJ810.8B82 621.47 79-13955
ISBN 0-07-008790-3

Copyright © 1979 by Shawn Buckley

All rights reserved. Printed in the United States of America. No
part of this publication may be reproduced, stored in a retrieval
system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording, or otherwise, without
the prior written permission of the publisher.

First edition, 1979
ISBN 0-07-008790-3

345678910 MUMU 89876543210

€. 95 Rrpy O0F¢920D




©C VNN R WN

ud

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Foreword
Preface

Introduction and Economics

Heat, Temperature, and Heat Flow
Thermal Resistance

Conduction and Convection
Radiation and Transport

Thermal Storage

House Heating

House Heat Losses

Solar Radiation

Solar Collector Orientation

A Simple Solar Collector

A Solar Heating System

Solar Heating Applications
Glazing and Selective Surfaces
Nighttime Heat Loss

A Typical Day: Morning

A Typical Day: Afternoon

Using Stored Heat

Air~heating Solar Systems

A Passive System—Direct Gain
Fassive Solar: The Diode Function
Passive Solar: The Control Function
The Thermic Diode

Reflecting Solar Radiation

Which Solar Heater?

Glossary

Index

- Contents

vii

19
23
31
37
43
49
55
59
65
71
77
81
87
91
97
101
107
115
121
127
133
139
145
151
163




Foreword

Our nation walks a tightrope today because of our addiction to
foreign oil. The revolution in Iran and subsequent oil cutoffs
demonstrated our vulnerability. Unlike the other energy crises of
the 1970’s, the most recent crisis won’t go away. Shortages are
going to get worse and the ramifications more serious. No
matter how much we may wish for an energy panacea, there isn’t
one. The only cure is painful—withdrawal.

If you are feeling the pinch of the energy crisis now, you
may be ready to help save this country from potential economic,
political and environmental disaster. We live in a nation that
demands an electric toothbrush and worries about nuclear waste
disposal. We cannot have it both ways. Continuing on our pre-
sent course invites the bureaucratic nightmare of gas rationing,
a loosening of environmental protections, a serious loss of jobs,
and increased environmental hazards from nuclear wastes, coal
production and breeder reactors.

While there is no panacea, there are ways to wean our-
selves from the oil well. Solar energy is an alternative—clean,
renewable and safe. Solar offers the best means to get us
through this century. It fosters energy conservation and self-
reliance. Solar will create a new industry and thousands of new
jobs. If we made solar and other renewable energy sources a
national priority, we could meet 25 percent of our energy needs
with these alternative sources by the year 2,000. Without a com-
mitment to develop and commercialize solar, this nation’s
energy future is bleak.

Everybody likes solar energy. The success of “Sun Day”
proved that the American people understand solar's benefits.
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The problem is to transfer that positive public image into some-
thing people will buy and use. Making the basic concepts more
easily accessible is one answer. Fortunately, Shawn Buckiey, an
MIT professor, is a technician with the ability to simplify solar
technology for a general audience.

You and | don’t have to wait another five years to use
solar. Solar can meet some of our energy needs right now. Solar
hot water and heating systems can be applied immediately. With
the current oil price increases, solar is becoming more cost
effective.

What | like about Sun Up to Sun Down “Understanding
Solar Energy” is that it doesn’t waste the reader’s time trying to
sell solar energy. It simply explains how solar technologies for
hot water and heating work. The section on *“solar economics”
realistically explains its costs. The author uses descriptive
analogies so the reader gets information without becoming
bored or overwheimed.

This book can move the reader from wondering about
solar to becoming a solar consumer. | hope it moves thousands
of Americans to make that choice. When | look at my two young
daughters, | see energy as the greatest threat to their having
healthful, productive lives. Our generation’s failure to address
this issue will hurt them far more than you or me. Those who
read this book, advocate solar power, and install solar in their
homes will be at the vanguard of an energy revolution. A revolu-
tion away from fossil fuels to renewable energy sources will
make the United States more energy conscious and self-suf-
ficient. The solar age will help give our children a comfortable
and safe lifestyle.

Senator Paul E. Tsongas
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Preface

| have written this book in an attempt to teach solar energy by
analogy. Use of analogy in teaching technology is as nearly as
old as technology itself. For example, when early electrical
engineers sought to explain current flow in wires, they likened it
to the flow of water through pipes. Many more people under-
stood water flow in pipes; their knowledge couid be extended to
electricity by showing the analogy between water flow and elec-
tric current flow.

Even today, analogy makes learning easier. In my engi-
neering courses at M.I.T., | teach that the behavior of systems
are similar: not just fluid and thermal (i.e., heat) systems, but
mechanical and electrical systems as well. When you learn how
one “media” (as they are called) works, you can extend your
knowledge to the other media very easily. All the media (fluid,
thermal, electrical and mechanical) behave the same if the
proper analogies are made. The analogy tool is used as a way to
condense information. Instead of separately learning about each
media, one is learned in detail and the knowledge is extended to
the others. Often, on the first day of class | bring in a hot pad, a
bicycle wheel, a cup of water, and an electrical circuit. Few stu-
dents believe that these four *“systems”—one from each
media—behave the same way. Yet, by the end of the class | have
shown how they are all closely related by analogy.

Analogy has been successfully used by others. Prof. Jay
Forrester, of “Limits to Growth” fame, uses fluid analogies to
convey his method of understanding social behavior. in a course
| taught with Jay and several others at M.l.T., we showed how
such diverse subjects as nuclear reactor behavior, the scrap

vii




metal market, the growth and decline of civilizations, and the
national economy all have an analogous methodology. One of
my contributions was, not surprisingly, the behavior of a solar
heating system. Richard Feynman, Cal Tech’s famous physicist,
uses analogies quite successfully in his series of physics
books. For example, electrostatic field theory is learned by anal-
ogy to stretched rubber membranes.

Knowing that thermal phenomena are difficult concepts
to master, | felt learning by analogy could help transfer knowi-
edge. | was left with a dilemma: which media should | use for the
analogy. Had | been writing for electrical engineers | might have
chosen an electrical media for analogy. Heat loss from a collec-
tor becomes an electrical resistor; heat storage becomes an
electrical capacitor. In fact, my colleague, Richard Thornton of

M.L.T.’s Electrical Engineering Department, teaches an excellent

course on solar energy using just this analogy. But | felt that lay
people are most familiar with fluid analogies and water flow is
very easy to visualize. | find that imagining water squirting from
a leaky rainbarrel forms an easier image than electrons leaking
across capacitor plates.

A major problem with the analogy approach is that nei-
ther analogy may be familiar. To a person who doesn’t under-
stand either heat flow or fluid flow, the analogy approach may
confuse more than it enlightens. | empathize with these people
because there is no sugar coating for the pill. My approach is
but one way to make the pill slide down easier. Learning is a
difficult process and any aid to understanding is helpful. Of the
lay people who initially found the fluid analogy confusing, most
of those who stuck with it soon became comfortable with it.
They claim now to understand both analogies quite well—the
fluid and the thermal.

By using a fluid analogy to describe solar heating, | have
been able to avoid mathematics. This may not be to everyone's
liking; soma readers are no doubt more comfortable with mathe-
matical symbols and equations than they are with my somewhat
contrived fluid analogies (the leaky pipe being the most notori-
ous example). However, my experience has been that most lay
people are not comfortable with mathematical language, includ-
ing graphs and equations. That’s not to say there are not diffi-
cult concepts presented in the book. Concepts such as
stagnation temperature and collector efficiency are difficult to
understand whether math or analogies are used. I've tried to
avoid as much as possible the very technical aspects of solar
engineering. I've slid past a great many details in hope of eluci-
dating the major points. For example, I'm sure my portrayal of
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radiation heat flow caused many winces by my colleagues.
Nevertheless, | feel the book is fairly complete since most
aspects, including some rather technical material, are well
covered.

Although | have been rather glib in presenting fluid analo-
gies to thermal phenomena without resorting to mathematics,
there is a very analytically precise methodology behind my pre-
sentation. Each concept is backed by rigorous mathematic
analogies which have been taught to M.1.T. students for twenty
years. | cannot take credit for developing the methodology
although | am proud to have worked with those who did. Simply
by adding appropriate equations for concepts | have discussed
in prose, this book could become a college engineering text.

Cambridge, Mass.
April 1979
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INTRODUCTION 1
AND ECONOMICS

The sun has been giving energy to the earth for millions of years.
Sunlight shining down on plants eons ago was the major cause
of the coal, oil, and natural gas we use as fuels today. These
fuels are called fossil fuels because they are the products of
fossils of dead plants.

Fossil Fuels:
Ancient Solar Energy

NATURAL G@AS

A similar source of solar energy used today is called bio-
mass; this term refers to the use of the sun’s energy to grow
plants which can be used for fuels and other purposes. For
example, wood used in fireplaces is a form of biomass solar
energy. Researchers are working on other ways to grow plants
for use as energy. Seaweed is being grown and harvested for

Introduction and Economics 1




methane production (a gas-like natural gas), and trees are being
grown for use in power plants to generate electricity.

Wood:
Indirect Solar Energy

The sun also has a major impact on wind and ocean cur-
rents. Different parts of the earth’s surface are heated differently
by the sun, causing circulating currents in both the oceans and
the atmosphere. Ocean currents are rivers of cold or warm water
which can be tapped to run power plants; someday, these
currents may be used to produce electricity. Winds have been
used for centuries to power pumps and to grind grain.

Wind:
Indirect Solar Energy

!
t
:
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The sun’s radiation may also be used directly to provide
either electricity or heat; it is used directly as it comes raining
down through the atmosphere rather than indirectly by making
plants grow or causing wind or ocean currents.

Solar cells convert sunlight directly to electricity. These
cells are usually made of silicon (a mineral used in the transis-
tors which run radios and pocket calculators). Many of the space
satellites circling the earth today are powered by solar cells.
Since solar cells are very expensive in terms of the amount of
electricity they provide, their use to date has been mostly to
provide power for remote weather stations where the cost of
bringing in power lines would be prohibitive; another application
has been in powering remote railroad-crossing lights and ocean

‘buoys.
PHOTOOLTAIC
SOLAR CELLS
Solar Cells:
Direct Solar Energy

Heating is the other example of direct use of the sun.
You've probably experienced the heating effects of solar energy
when walking barefoot on a tarred road on a hot, sunny day. The
heat produced by solar energy can be used to power turbines to
generate electricity, or it can be used to heat buildings or water.
One system now being developed to generate electricity uses
hundreds of mirrors which focus the sun’s rays on a central
tower; a boiler on the tower gets very hot and produces steam,
driving a turbine that generates electricity. Although the sun’s
position changes from morning to evening, the mirrors move to

Introduction and Economics 3




Solar Cells Used on Earth

PHOTOVOLTAIC
railroad crossing {/f“ SOLAR CELLS /\_/05571; hilloy

let the sun’s reflection focus on the tower. Systems like these
are called tracking because they follow the sun from sunrise to
sundown.

Even if a solar energy system isn’t designed to follow the
sun, the sun’s heat can still be captured. Solar heating systems
which aren’t of the tracking kind are called flat-plate systems. In
comparison to tracking systems, they are not very sophisti-
cated, but almost all of the solar energy systems in use today
are of the flat-plate variety. Over a million flat-plate systems are

/| CENTRAL |
Ve RECEIVER
% TOWER ;

Solar Energy
to Generate Electricity
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now in operatién, mostly in countries with hot, sunny climates
such as Israel and Australia. The most common ‘use for such
systems is to heat water, but it is also practical to use them to
warm a house in winter. Since flat-plate systems are the
simplest and most widely used methods of using solar energy
today, we will investigate them in detail. But first it is important
to understand why solar energy has just recently begun to be a
practical means of providing direct heating.

If sunlight is free, why hasn’t solar energy been used
before to heat houses and produce electricity? The following
example will help you understand why. Let's suppose you
owned a gold mine that contained only very low-grade goid ore.
You would have to do a lot of digging before you got even a little
gold. If you bought some expensive mining equipment, you
could process much more of the low-grade ore and get more
gold. Thus, even though the gold itself is free, it would be very
costly to get very much of it out of the mine. You would have to
balance the cost of the mining equipment against how much
money you'd get when you sold your gold. If the gold were very
valuable and the mining equipment relatively cheap, it might be
worthwhile to dig up the gold. But if the equipment were expen-
sive and the gold not very valuable, you’d be better off to leave it
in the ground. Many gold mines in Utah that have only low-
grade ore were closed down years ago; some have recently re-
opened because the price of gold has increased enough to make
mining it worthwhile.

Gold from a Low Grade Mine

Solar energy is like the low-grade ore. The sun’s rays
must be “mined,” or collected, and then transformed into useful
heat or electricity before they are worth anything. A solar energy
system helps you get “free” solar energy, just as the mining

Introduction and Economics 5
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equipment helps you get “free” gold. But, like mining
equipment, a solar energy system can be very expensive—per-
haps more than the sun’s energy is worth.

SOLAR
ENEREY

4 7 SYSTEM

Mining Gold
is Like Capturing Sunlight

If conventional energy is expensive—that is, if the cost of
heating by using fossil fuels and electricity goes up—then it
might be worth the expense to install a solar energy system. But
if these forms of energy are cheap, then the cost of installing a
solar energy system would probably be too expensive. Simply
put, the cost of the solar energy would come to more than the
value of the energy it could collect from the sun. Just as many
gold mines in Utah were shut down when it became too costly to
mine their gold, many solar hot-water heaters used in Florida
and California during the 1950s were shut down when the cost of
electricity was so cheap. Recently the cost of heating by gas,
oil, and electricity has risen so much that solar energy systems
are once again worthwhile, much as the Utah gold mines have
once again become profitable because of the rise in the price of

gold.

o m———y

A solar energy system can be thought of as “mining”
sunlight. If mining equipment is simple and rugged, it will give

L e .
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many years of service before it must be replaced. But mining
equipment can’t be too expensive or it will make mining low-
grade ore unprofitable. Like mining equipment, solar energy
systems must be simple, rugged, and low in cost so that they
will give many years of service without making the sunlight that
they “mine” unprofitable. This is why the flat-p/ate collector
solar system is being used so much today in countries such as
Japan, Israel, and Australia: it is a very simple, rugged system
whose cost is low enough to make the use of solar energy
worthwhile.

introduction and Economics 7




HEAT, TEMPERATURE,
AND HEAT FLOW

The concepts of heat and temperature must be understood be-
fore a solar energy system can be understood. Often these two
terms are misunderstood and, even worse, used interchange-
ably. However, these words have quite precise meanings.

Heat and temperature differ in important ways. First,
temperature can be measured directly with a thermometer, but
heat must usually be measured indirectly. How hot something
is, is a measure of its temperature, but how much heat it con-
tains is not so easily determined. In fact, the heat contained in
an object usually depends not only on what it's temperature is
but also on other factors, such as what it is made of and how
much of it there is.

Heat and temperature differ in another important way:
heat costs money. When you heat your house for the winter, you
buy heat from the local heat dealer—from the oil man or the gas
or electric company, depending on how your house is heated.
Whatever form your heat comes in, what is sent to your house
costs money. The more heat that is sent, the higher the heating
bills are. But you don’t buy temperature. Temperature indicates
how hot your house is, not how big your heating bills are. When
considering solar energy systems in the pages that follow,
always remember that what is wanted is heat,znot temperature.
The only way to save money by using a solar energy system is to
have the sun pay for part of your heating bill—to provide you
with heat.

A simpie analogy to the heat and temperature of an object
is the volume and depth of water in a cup. How deep the water is
does not measure the cup’s volume. Although the volume and
the depth are related—generally, the deeper the water in the cup
is, the more volume of water there is in it—depth is a different
measure from voiume. Also, the depth of the water can be mea-




Depth
and Volume

VOLUME

sured with a ruler, but a measuring cup must be used to ascer-
tain the volume. According to our analogy, depth and tempera-
ture are easily measured, so they are like each other; volume and
heat are measured only indirectly, so they are like each other
too.

DEFPTH <> TEMNPERATURE
VOLUME <—=>HEAT

To see in more detail how depth is related to temperature,
and volume to heat, let’s consider a few simple cases. First,
think of two different-sized cans that have the same depth of
water in them. Though the depth of water in both cans is the
same, the bigger can holds more volume. Similarly, if two pans

§
3
!
;

blq can Rolds t
=mall can
more volume holds less yolume

Same Depth but Different Volume

10 Heat, Temperature, and Heat Flow




of dirt are heated in an oven for several hours, both wiil have the
same temperature. But even though the temperature of both
pans is the same, the bigger pan holds more heat. Just as the
depth can be the same while the volume is different, so can the
temperature be the same while the heat is different.

Same Temperature
but Different Heat

—— JANME TEMPERATURE

b1 pan comains y
M5
re heat el tcmﬁams

Second, let’s consider two objects in which the heat is
the same yet the temperatures differ. Two warm bricks could
contain the same amount of heat as one hot brick; though the
hot brick naturally has a higher temperature than the warm ones.

N

BOTH HAVE one hot brick

two warm
bricks

THE SAME HEAT

Same Heat but Different Temperatures

Heat, Temperature, and Heat Flow 11




in the same way, two cans can hold the same volume but have
different depths.

Za”f/ / , b1g can

Same Volume

but
Different Depths

~

{rep

BOTH CANS HAVE THE
SAME YOLUME

The analogy is helpful in another way. Both volume and
heat flow—both can move from place to place. When you pour
water out of a pitcher into a glass, volume flows from the pitcher
to the glass; when you open a door on a cold day, heat flows
from inside the house to the outdoors.

12 Heat, Temperature, and Heat Fiow
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Why does heat flow? Heat flows from one place to
another because the temperature of the two places is different.
A hot brick loses heat to a cool room. The temperature differ-
ence—the brick’s temperature minus the room's temperature—
drives the heat from the brick. Heat leaks from the brick until the
temperature difference is gone. No more heat flows from the
brick when it becomes as cool as the room it is in.

CooL
RoomM
HoT —j Heat Flows When Temperatures Differ
DRIcK
COOL
ROOM
COOL BRICK

No Heat Flows When Temperatures Are Equal

Heat, Temperature, and Heat Flow 13




Volume Flows =

Similarly, a full can of water will leak volume from a hole
in the side of the can. The depth of the water is higher than the
depth of the hole, so the depth difference drives volume out
through the hole. Eventually, all the volume that can leak out
does so. When this happens, the water depth has falien so that
it is the same as that of the hole. There is no more depth differ-
ence, so no more volume flows out through the hole. Just as a
difference in temperature causes heat to flow, so a difference in
depth causes volume to flow. When there is no temperature dif-
ference, heat flow ceases; when there is no depth difference

volume flow ceases.

. DEFTH
When Depths Differ DIFFERENCE

PEPTH

OF HOLE

T

No Volume Flows
When Depths Are Equal

The direction of volume flow is always downhill—from a
higher depth to a lower one. If two cans having different depths
are connected by a tube, volume will always flow toward the

14 Heat, Temperature, and Heat Flow




depth that is lower. Note that the narrow can has much less
volume than the wide one. Even so, volume flows toward the can
with the lower depth. It's depth, not volume, that causes volume
to flow.

l HIGHER
I DEPTH

LOWER

CEPTH

Volume Flows Toward Lower Depth

Similarly, heat flows downhill from a higher temperature
to a lower one. If a small, hot stone is put into a big pan of warm
water, heat will flow out of the stone and into the water, since
the stone is hotter than the water. Heat flow is always toward
the object with the lower temperature—in this case, the water.
Even though the big pan of water has much more heat than the
hot little stone, heat still flows from the stone into the water. It's
the temperature that makes the heat flow, not the amount of
heat each object has.

Big FAN
OF WARM
WATER

smace wor stone Heat Flows Toward
Lower Temperature

Heat, Temperature, and Heat Flow 15
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Just as volume flows downhill toward lower depths, so
heat flows downhill toward lower temperatures. Only a depth
difference (not volume) can cause volume to flow, just as only a
temperature difference (not heat) can cause heat to flow.

You may think it strange that heat flow is the same at
cold temperatures as at hot temperatures. But consider this
example. Suppose we took a frozen chicken out of the freezing
compartment of a refrigerator and put it into the main part of the
refrigerator. The chicken would warm up—heat would flow into
it—even though it was in a cold refrigerator. Since the chicken
started out colder than the refrigerator, heat had to flow into it to
get it to be as “warm” as the refrigerator. If we then put the
chicken into a hot oven, more heat would flow into it until it
became as hot as the oven. In this example, heat flow depends
only on the temperature difference between the chicken and its
surroundings, not on whether the surroundings are hot or coid.

/ hot oven
® ® ® ®
» T =
- refrigerator
~ chken
HEAT FLOWS HEAT FLOWS
INTO CHICKEN INTO CHICKEN

Heat Flows Only Because Temperatures Differ

By analogy, the same volume flows from a hole in a can whether :
the can is on the floor or a tabie. Only the depth difference
between the water level and the hole is important, not whether
the can itself is raised or lowered. ¢

16 Heat, Temperature, and Heat Flow 3
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THERMAL RESISTANCE

Temperature differences are what cause heat to flow: heat flows
from hot things to coid things. But other factors determine how
fast the heat will flow. These other factors, when lumped to-
gether, cause a thermal resistance. The bigger the thermal resis-
tance, the harder it is for heat to flow, since the resistance to the
flow of heat is increased. Resistance is common to other forms
of flow as well: electrical resistance restricts the flow of electric
current, and fluid resistance restricts the flow of volume.

~ Fluid resistance might be thought of in terms of the size
of a hole in the side of a container: a little hole has more fluid
rasistance than a big hole. The little hole doesn’t let much
volume out, but a big hole will, even though both holes are at the
same depth. The littie hole “resists” the flow of volume through
it more than the big hole, so it has a high resistance.

Fluid Resistance: A Hole in Can

HIGH FLUID RESISTANCE LOW FLUID RESISTANCE

J

same

defJ-h

1

LITTLE
hol= VOLUME b_/j hole
PLOWING

Thermal Resistance 19




Similarly, thermal resistance is a measure of how harg it
is for heat to flow. Sometimes we say one house is better ingy,.
lated than another house, and that's exactly what thermg
resistance is—how well insulated something is. Since a wej|-
insulated house has a higher thermal resistance than a poorly
insulated one, the well-insulated one loses less heat than the
poorly insulated one. The temperature difference may be the
same for both houses (room temperature inside and coid oyt.
doors), yet heat will leak at a siower rate from the one with high 4
thermal resistance—the well-insulated one.

LOW THERMAL
RESISTANCE

HIGH THERMAL k
RESISTANCE

FLOWING - h
out ook, insulated
LITTLE
. HE/?JN/N&
Thermal Resistance: oUT
. well iroulated
Insulation on a House hose

The extent of thermal resistance Is caused by several
factors, depending on the way heat moves from place to place.
There are four important types of thermal resistance, corre-
sponding to each of the four important ways in which heat
moves in solar heating systems. They are: ’

1. conduction
2. convection
3. radiation
4. transport

Before we look at each of these types of heat flow in
detail, first let's see how they differ generally. As we have
learned, heat is like water in that it flows from place to place. If it
flows through material that isn’t moving, the heat flows by
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means of conduction heat transfer. For instance, a silver spoon
is hot when you've been stirring coffee because heat flows easily
through the silver from the hot coffee to your fingers. The siiver
itself doesn't move, but heat flows through it. When we show
conduction we’ll always use a straight arrow ————
to distinguish it from the other ways in which heat flows.

CONDUCTION HEAT FLOW

Conduction
Heat Flow

silver

In convection heat flow, a surface heats a liquid or gas i
near it, and the heat is carried away by the liquid or gas. For
example, you feel coid on a windy day because the wind carries
heat away from your skin by convection heat transfer. We'll use i
a curved arrow ( “ ) to show convection heat

flow. 1

CONVECTION ;
Q 2 HEAT FLOW '

Convection '
Heat Flow i

Radiation heat flow is a special kind of energy that travels
like radio waves through air—and even through a vacuum. You :

feel warm in front of a fireplace mostly because the flames and 3
. i
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hot coals move heat to your skin by radiatidn. Wavy arrows

( ™= ) will be used to show heat flowing by

means of radiation.

Radiation |
Heat Flow

RADIATION
HEAT FLOW

Transport heat flow is similar to convection in that it
involves the transport of a heated liquid or gas. But instead of a
surface heating the liquid or gas, previously heated liquid or gas
is transported, or moved, from one place to another. Hot gases
rising out of a chimney is a form of transport heat flow. We’'ll use
a curlicue arrow ( W ) to indicate transport heat

flow.
[rsesinzavl
~/

Transport
Heat Flow

Now that you have an idea of the ways heat flows in
general, let’s take a more detailed look at each way.
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- CONDUCTION AND
CONVECTION

First, let's look at conduction. Two kinds of materials are
involved in conduction heat flow: conductors and insulators.
Conductors let heat flow through them easily, but insulators
prevent heat from flowing. Most metals, such as silver, copper,
aluminum, and steel, are good conductors of heat. Insulators,
on the other hand, are usually lightweight materials, such as
straw, fiberglass batting, or plastic foam. Other materials, such
as glass, concrete, rubber, wood, and dirt, are neither good con-
ductors nor good insulators; heat passes through them more
easily than through an insulator but not as easily as through a
sonductor.

Conduction heat flow depends on several factors. We've
already learned that it depends in the first place on temperature
difference (as does all heat flow) as well as on the kind of
material involved (whether conductor or insulator). It also
depends on the area of the heat-flow path. In the example of the

HEAT

silver spoon, the heat-flow path is from the coffee to the
spoon’s end. FLOW FATH
AREA OF
HEAT FLOW
FATH
Conduction
Heat Flow Path

3T LT
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To understand how the heat-flow path changes the
conduction heat flow through an object, suppose we try to melt
an ice cube using a cup of hot coffee. If we put one end of a
silver bar into a coffee cup and hold an ice cube against the
other end, the ice will hold one end of the bar at a fixed temper-
ature (since ice melts at 32° F); how quickly the ice melts will
measure how much heat is flowing through the bar from the
coffee. A thick bar will melt the ice more quickly than a thin one
because a thick bar lets more heat from the coffee through—the
heat-flow path of the thicker bar has a bigger area.

ce cube

SMALL
AREA OF
HEAT FLOW

FATH

heat
flow path

Thick Bar Conducts More Heat
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The length of the heat-flow path is also important. Less
heat flows through a ionger bar than through a shorter bar
because the length of the heat-flow path impedes the flow of
heat.

SHORT HEAT FLOW PATH

LONG HEAT
FLOW PATH

Short Bar
Conducts More Heat

Four factors affect how much heat will flow through a
material by conduction: temperature difference, material, area,
and the length of the heat-flow path. By analogy to water flow,
think of a pipe attached to the bottom of a big tank.

Four factors also affect how much fluid will flow through
the pipe. As shown in the following figure, lots of voluma will
flow out of a tank of water through a short, fat pipe. But depth
difference affects the volume flow: if the tank isn't full, iess will
flow out. Second, the material also has an effect. Less volume
flows if the tank is filled with honey than if it's filled with water.
Third, flow-path area affects volume flow; there is less fiow
through a thin pipe than a fat one. Fourth, the length of the flow
path is important, since less water flows through a long pipe
than through a short one.
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Volume Flow and
Conduction Heat Flow
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Now let's discuss convection. Heat flow by convection
occurs when a gas such as air or a liquid such as water flows by
a surface. In the example used earlier, the surface was your skin
as air blew by it. As with conduction heat flow, convection heat
flow depends on severai factors. One factor, we've already
learned, is temperature difference. In convection heat flow, it's
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the temperature difference between the surface and the con-
vecting gas or liquid that's important. Other important factors
are:

1. the area of the surface
2. the speed of the air or water over the surface
3. whether it’s gas or liquid that flows by the surface.

smal| surface ares

More Convection
from Large Surfaces

Mua cooLs sLowLYy

e Ty

BOWL COOLS QUICKLY

e it sows er e e o R O

The larger the surface area is, the more convection heat is
lost from the surface. If you have the same amount of soup in a
bowl! as in a mug, the bow! will cool faster than the mug because
its surface area is larger than the mug’s. Second, the speed at
which the convecting gas or liquid flows by the surface influ- 3
ences how quickly the heat flows. Suppose two bricks are
placed in an oven, heated to the same temperature, and then :
taken out. One is placed on a table in still air; the other is placed
in front of a fan. The one sitting in still air would cool much
more slowly than the one sitting in front of a fan. You might i
think that the brick in still air wouldn’t have any air flowing by it i
at all. Actually, air is flowing by—but much more slowly than if i
the fan were blowing air by it. The brick heats the air near it, 4
which gets lighter and rises and is replaced by cooler air, which ;
in turn is warmed and rises. This phenomenon is called natural :
convection, since no fan is needed to cause the air to move: the ;
air rises past the surface simply because the surface is hot. . j
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HOT BRICK IN STILL
AIR COOLS SLOWLY

HOT BRICK IN FRONT

More Convection OF FAN COOLS QUICKLY

with Moving Air

Smoke rising from a cigarette illustrates how natural convection
removes heat from burning tobacco; the smoke moves with the
air, showing how a hot object causes air to move by it. Con-
versely, cold surfaces also cause convection, but in the opposite
direction. Convection currents fall from a cold object, as you
may have noticed when opening the freezer door to the refrig-

erator.
NATUR7f\L CONVECTION
CONVECTION HEAT FLOW
AR FLOW TSN

Natural Convection in a Cigarette
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The last factor that is important in convection heat flow is
whether a gas or a liquid is involved. Liquids are. much better
than gases at causing heat to flow from a surface. Eggs cook in
a few minutes in boiling water, but they would take many times
longer to cook in an oven at the same temperature. The eggs
gain heat slowly by air—a gas—convecting over them, but they
heat up quickly when water—a liquid—is convecting over them.

Water Convects
Better Than Air

EaasS COOK SLOWLY EGGS COOK QUICKLY ]

IN AN OVEN IN A FAN 5
(AIR  CONVECTION) (WATER CONVECTION) {
In summary, convection heat flows fastest when there are §

- iy

big temperature differences of large surfaces with liquid flowing i3
by them quickly. Little convection heat flows with small temper- ]
ature differences of small surfaces in still air. K
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RADIATION AND
TRANSPORT

Radiation heat flow is very similar to convection heat flow in
many ways. Radiation heat flows from surfaces, as does con-
vection heat flow. Radiation is also similar to convection in
another basic way: the bigger the surface is, the more heat flows
from the surface. Most surfaces lose heat by both radiation and
convection, and it’'s sometimes hard to separate the two kinds of
heat flow. For instance, the example used to illustrate convec-
tion—a cooling bowl and a cooling mug of soup—applies
equally to radiation. The bow! loses heat quickly by both
convection and radiation because the bowl has a bigger surface
area. Some of the heat flow from both the bow! and the mug
takes place by means of convection, and some by radiation.

However, radiation differs significantly from convection,
especially with regard to solar energy. One big difference is that
convection depends on a liquid or gas flowing by the surface.
With radiation heat flow, the heat leaves the surface even if there
is no gas or liquid around. In the vacuum of space, where no gas
or liquid exists, heat flows from a space satellite only by radi-
ation. Radiation heat flow is often called infrared radiation. In-
frared film, for example, is sensitive to radiation heat flow; it is
used to photograph heat leaving objects by radiation. We'll learn
more about radiation heat flow when we discuss solar radia-
tion—a kind of radiation heat flow that comes from the sun.

A second important difference between radiation and
convection is that radiation heat flows from a surface in straight
lines. If you put your hand to the side of a heating coil on an
electric range, you would feel the warmth of the radiation heat
flow. But if you put a book or even a piece of paper between the
coil and your hand, it would block the radiation heat flow. Like-
wise, if you're.sitting in front of a fire, the radiation heat flow
from the embers is blocked if someone sits in front of you.
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COIL WARMS HAND BY 4
RADIATION
Radiation Heat F.low « BLOCKS RADIATION
is Easily Blocked FROM COIL

As with all heat flow, radiation heat flow depends on
temperature difference. The important temperature difference is
that which the surface sees. In the case of the bowl, the soup’s
surface sees the temperature of its surroundings (the room), so
the important temperature difference is that between the soup
and the room. In the case of the hand, the skin’s surface “sees”
the coil, so the important temperature difference is that between
the skin and the coil.

Shiny surfaces play a role in radiation heat flow because
they reflect radiation. For example, a thermos bottle is “sil-
vered” to reflect back any heat that the hot soup inside might

thermos
Shiny Surface sorie
Reflects Radiation Heat Flow
' ‘ SHINY INNER WALL
" hot soup—___ S

SHINY OUTER WALL
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lose by radiation. This trick keeps the soup hot longer. Fiber-
glass batting used to insulate houses also has a shiny reflecting
surface to keep heat in.

Radiation heat flow, then, is much like convection in one
way: heat flows from surfaces at a rate depending on the size of
the surface. But unlike convection, radiation heat flow travels in
straight lines and can be very easily blocked from flowing. In
addition, radiation heat flow can be affected by how shiny the
surface is, whereas convection cannot.

Finally, let's discuss transport heat flow. Heat flow via a
flowing gas or liquid is somewhat different from conduction,
convection, and radiation. Suppose you wanted to heat up a cup
of coffee by adding more hot coffee to it. When you add the
coffee you're also adding heat, since the hot coffee has heat
stored in it. Heat is physically transported from the pot to the
cup by transferring a certain amount of hot coffee from the pot
to the cup.

Heat Flowing
by Transport

COFFEE AND HEAT
MOVYED INTO cUP
FROM POT

In most transport heat flow, the flowing gas or liquid
moves continuously, not just for a short time, as in the example
of the coffee and cup. To understand this, think again of the
example of a house losing heat through its chimney. In this
case, the flowing medium which transports the heat is a gas—
mostly hot air. But for as much hot air that goes up the chimney,
there must be as much cold air that comes in from outside to
replace it. The cold air isn’t so obvious because it leaks in
through cracks in the walls, windows, and doors. Nevertheless,
as much cold air leaks in as hot air leaves. The air, then, moves
continuously: it enters in through the cracks, is heated by the
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TRANSFORT
HEAT FLow

fire

windows, doors
and walls

. Transport Heat
- Flow up a Chimney

fire, and flows out through the chimney. As in conduction, con- L
vection, and radiation, the amount of heat flow depends on the
temperature difference. In this case, the important temperature
difference is that between the incoming airflow and the outgoing
airflow—the temperature of the hot air going out the chimney
minus that of the cold air leaking in through the cracks in the
house.

Transport heat flow depends on two other factors besides
temperature difference. One is how fast the gas or liquid Is
flowing, and the other is what the flowing medium is. To better

" understand the first factor, suppose your house were heated by 3
hot-water radiators. Hot water flows in one end and out the f
other end; how fast it flows depends on how wide you open the
valve. To get lots of heat out of the radiator, you open the valve
so that lots of hot water will flow through the radiator. If you
don’t want much heat, you close the vaive so that little hot water
will flow into the radiator; it, in turn, will add little heat to the
room.
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The second factor in transport heat flow is the flowing
medium itself. Air and water are the two most important heat
transfer mediums used in solar heating systems today. The key
difference is the volume needed. In this respect, water is a much
better heat transfer medium than air. More than a thousand
times more air than water is needed to transport the same
amount of heat. Fans are often used to transport heated air,

- while heated water is generally moved by pumps.
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THERMAL STORAGE 6

In solar energy heating systems, it's not enough to simply cap-
ture the sun’s heat—it must also be stored. While heating a
house during the day is useful, the house needs heat at night as
well. Heat collected during the day must be stored until night.
How is heat stored?

Storing heat is analogous to storing volume. If a cylin-
drical tank is filled with water, the amount that it holds—the
volume stored—depends on how high its depth is. Similarly, the
heat stored in a substance depends on how high its temperature
is; a hot brick stores more heat than a warm one.

‘ LOTS oF
b HEAT sTORED
9
depth 9"
i B
Th STORED The Hotter,
e Deeper, the More
the More '
Heat
Volume <> Stored
Stored; LITTLE HEAT
.L = STORED ~

VOLUME
STORED brick
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If a solar-heated house is to be kept at 70° F during the
winter, heat stored at 50° F isn't useful. Only if the temperature
of the storage material is above 70° F can the stored heat be

“used to warm the house. Thus, useful heat in terms of room
heating is heat that is stored in a substance that is hotter than
the room’s temperature. By analogy, the useful water in a tank is
the water stored above the outlet. Once the depth drops below
the outlet, the remaining volume won't flow out, so it's not

useful. ‘

prcid 0
BRICK ONLY STORES
USEFUL HEAT ABOVE
ROOM TEMFERATURE
VOLUME ABOVE OUTLET TAP and Heat is Useful

The amount of heat stored also depends on how much
material is heated. The more storage material there is, the more
heat can be stored at the same temperature above room temper-
ature. Similarly, a bigger tank holds more volume than a smaller
tank when both are of the same depth.

same tempersture

MORE YOLUME STORED MORE HEAT STORED

Storage Depends on the Amount of
Storage Material
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Often the amount of material is measured by volume.
Using volume as a basis of measurement, different materials
can be compared as to how well they store heat. In solar heating
systems, heat is usually stored in water or crushed rock. Water
stores heat somewhat better than does rock. A container of
water can store two to three times the heat as the same-sized
container filled with crushed rock.

both containers the same
5122 And Fhe same

| fgm;zrafwz'lL‘
it

Water Stores
More Heat
than Rock ~
" \%—,ER CRUSHED

RCCK

Some materials store heat very poorly. Air, for example,
stores almost no heat. A container of air stores one-thousandth
the amount of heat as the same-sized container of water does.

both containers the same
| | Sze @nd the aame J
{ femperasture |

Water Stores 7 é\
Much More Heat \
than Air
/ AIR
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To understand heat storage, consider the following
example. When you turn off your furnace on a cold day, your
house doesn’t get cold immediately because heat is stored in
the walls, the floor, and the furniture (very little is stored in the
air). The stored heat leaks out slowly and keeps you warm for a
short time even when the furnace is off. Adobe houses in the
Southwest have very thick walls that store the day’'s heat well
into the night.

J

An Adobe House Stores Heat

ADOBE WALLS
STORE HEAT
DURING DAY

STORED HEAT
WARMS HOUSE
AT NIGHT

Another form of heat storage is called /atent heat storage.
Instead of storing heat simply by getting hotter, some materials
store heat by melting. Ordinary wax is such a material. Let’s take
~ a piece of solid wax. As we heat it, it gets hotter as does any

other material. But when it gets so hot that it begins to melt a
curious thing happens: even though we continue to add heat to
the wax, it doesn’t get any hotter. All the heat goes into melting
the wax, and it stays at nearly the same temperature until all the
wax is melted. Melted Jr liquid wax again acts like any other
material—the more heat added, the hotter it gets.

When melted wax loses heat, its temperature naturally
drops. But when it begins to solidify again it stops getting
cooler. As it solidifies, it gives back all the extra heat—the latent
heat—that was put into it when it was meited. While the wax is
solidifying, its temperature remains nearly constant. Once it has
completely hardened, it once again behaves like any other
material, dropping in temperature as it gives up heat.
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Suppose we use wax to store heat. As the wax melts,
heat will be stored. Later, if we want the stored heat, we'd let the
wax solidify again, giving up its latent heat. Materials like wax
are called phase change material because they store heat by
changing phase—that is, by melting or solidifying.

S0OLID
WAX
MELTING

T R __HEAT
GIVEN OFF

SOLIDIFYING

Storing and Recovering
Latent Heat

<

Why would you go to the trouble to use wax to store heat
rather than water or crushed rocks? Because wax and other
phase change materials can store a lot of heat. Wax can store
several times the amount of heat of an equal volume of water
and many times the heat of an equal volume of crushed rock.
Wax itself is fairly expensive to use to store heat. Other phase
change materials are cheaper and don't pose a fire hazard that
wax might.

The water analogy to a phase change material is a tank
that has a bulge in its sides. When the water depth is below the
bulge, adding volume only increases the depth, as it would in
any other tank. But when the depth reaches the bulge, alot more
volume Is needed to raise the depth. Extra volume is stored in
the bulge just as extra heat is stored in the wax when it melts. If
the tank is drained the extra volume can be recovered, just as the
latent heat in the wax can be recovered when it solidifies. When
the water depth in a tank is at the level of the bulge, volume can
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be added or taken away without changing the depth much.
Similarly, when wax is near its melting temperature, heat can be
added or taken away without changing the wax’s temperature
much.

Tank with Bulge is
Like Latent

Heat Storage

DEFPTH BELOW BULGE

Extra Volume is Stored in Bulge

RAISES DEPTH] ) DEPTH AT BULGE |
A LOT .

‘-f——- ADPED VVOLUME
RAISES DEPTH

SLIGHTLY J :’ L
_’_ e b i

STORED IN BULGE
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HOUSE HEATING

We know that heat can be transferred by several different
methods and that heat can also be stored. Let's see how all the
different types of heat flow and storage combine together in a
familiar application. Later, when we talk about solar heating
systems, one important use will be in heating a house: the solar
heating system will add heat and the house will lose heat. The
heating losses of a house provide a good example of the way
heat can flow by several methods at the same time.

Before we can talk about house heat losses, we have to
understand house heating. A house's heating system—whether
it is gas, oil, electric, or even solar—tries to keep the house at a
more or less fixed temperature. When the house gets too cold
the furnace comes on and adds heat to the inside of the house.
The heat might be added by means of baseboard electric
heaters, a gas-burning hot-air system, an oil-fired water fur-
nace delivering heat through baseboard radiators, or any number
of other heating systems. The added heat, by whatever system,
tends to heat the rooms—to increase their temperature. Once
the indoors temperature gets a little hotter, the thermostat
sends a signal to the furnace and it turns off.

Once the furnace turns off, the house slowly loses heat to
the outdoors. It doesn’t lose heat right away, because heat is
stored for a time in the walls and floors. When the thermostat
senses that the house has become too cold, it turns the furnace
on again and the cycle repeats. You usually don’t notice these
changes in temperature in the house because they are so small.
For example, if you set your thermostat at 70° F, the furnace
might turn on when it cooled to 68° F and turn off again when it
reached 72° F. Room temperature is always moving slightly up
and down—getting hotter and colder—but it always remains
very close to the set temperature.
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HOUSE TOO HOT

FURNACE TURNS OFF

Now, remember the water analogy to heat and temper-
ature. The temperature of an object is equivalent to the water
depth of a tank; the heat is equivalent to the volume of water;
and the heat flow is equivalent to the water flow. How could we
make the water equivalent 'of a house-heating system? Suppose
we let water pour from a faucet into a bucket that has small
holes in its bottom. The faucet is equivalent to a house’s furnace
because the faucet adds water to the bucket just as a furnace
adds heat to a house. The holes in the bucket represent the way
the heat leaks from the house. When the faucet adds water to
the bucket, it leaks out through the holes; when the furnace
adds heat to the house, it leaks out through the walls, doors,
windows, roof, and cellar. )
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Heating a House
is Like Filling a Leaky Bucket

The depth of water in the bucket is equivalent to the room
temperature in the house. While the temperature difference is
what drives the heat from the house, the depth difference is
what drives the water from the bucket. The depth difference is
simply the depth of water in the bucket, since the holes are at
the bucket's bottom. The bottom of the bucket is equivalent to
the outdoors temperature.

Just as the thermostat keeps the house's temperature
relatively stable, you could keep the depth of the water in the
bucket relatively constant. Suppose you were to draw a line on
the bucket indicating the depth you wanted to hold. If the depth
dropped below the line, you'd turn on the faucet. Similarly,
when a thermostat senses that the house is getting a little too
cold, it turns on the furnace. The faucet adds water to the bucket
just as the furnace adds heat to the house. When the depth went
higher than the line on the bucket, you'd turn off the faucet.
Likewise; when the thermostat senses that the house's temper-
ature is getting a little too hot, it turns off the furnace. After a
while, the water would leak out of the holes in the bucket and
the depth would drop below the line. It wouldn’t happen very
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Heat Leaks are
Like Bucket Leaks
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fast, because the bucket stores volume and it would take a while
. for the volume to leak away. Similarly, the heat flows from a
house through all of its heat leaks, and the house slowly drops
in temperature as it loses heat. When the water goes below the
marked line, you’d again turn on the faucet and begin the cycle

again.
Bucket Depth :
Controls Faucet g
ff:,”,fﬁéd on . } foucet turned off
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If you were very diligent, you'd be able to keep the depth
pretty close to the line on the bucket by turning the faucet on
and off properly. Since you were holding the depth more or less
constant, the water lost through the holes would be more or less
constant. If you held the depth constant for a long time, say an
hour, the total volume that poured into the bucket would equal
the volume that leaked out during the same hour. Just as the
faucet adds as much volume each hour as is necessary to bai-
ance the water leakage during that hour, so a furnace adds the
same amount of heat that leaks out of the house each hour.

Suppose we set the house’s thermostat at 65° F instead
of 70° F. What would happen? Heat losses would be less
because the temperature difference would also be less. Your

heating bill would be less too, because the furnace adds just .

what the house loses. Similarly, if you marked another line on
the bucket at a lower level and kept the depth at this lower line,
the water leakage would be less. Since depth differences drive
out the water through the holes, less water leaks out. On the
average, the faucet adds just as much water as leaks out, so you
would use less water at the lower line that at the higher line.

LESS
WATER
NEEDED

' SMALLER ]
LOWER
DEPTH
INDOORS DIFFENCE
TEMPERATURE

Our country’s leaders have urged us to turn down our
thermostats to save scarce energy resources—now you have an
understanding of why it heips.
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HOUSE HEAT LOSSES

Houses lose their heat because it's hotter inside than outside.
How exactly is the heat lost? Mostly it is lost in three ways: heat
leaking by conduction through the walls and roof; heat leaking
by radiation and convection through windows; and heat leaking
by transport through cracks in windows and doors.

Conduction losses through walls and roofs usually
account for about half of the total heat loss in an uninsulated
house. But if fiberglass batting or piastic foam is used to insu-
late the walls and thick fiberglass batting insulates the roof, the
conduction losses can easily be cut in half. The thicker the insu-
lation is, the less heat is lost by conduction. A roof with three
inches of fiberglass insulation will lose twice as much heat as a
roof with six inches of insulation.

UNINSULATED _HOUSE INSULATED HOUSE

LOTS OF
HEAT LOS5

warm  1ndoors
Temge rature,

warm mdoors
faﬂfefz{ura

Uninsulated House Loses More Heat
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The next most important heat loss is through windows.
Even though ordinarily very little surface area of a house is made
up of windows, heat losses through windows can amount to as
much as the heat loss through an insulated wall. If a well-insu-
lated wall of your house is one-tenth glass, as much heat can be
lost by conduction through the wall as through windows—even
though the wall has a ten times larger area.

Large Heat Loss
Through Windows

HEAT Los5 ouT
WALL SAME AS HEAT
LOSS OUT WINDOW

femth
;;,ZI ";f?; Zfe}k wall

Window heat loss takes place by conduction, convection,
and radiation. Heat is convected and radiated to the inside sur-
face of the glass by the warm room. Even though we can see
through glass, in terms of radiation heat flow it's as if the glass
weren't transparent at all: the glass prevents radiation heat from
flowing directly outside. Once the heat reaches the inner surface
of the glass, it is conducted through the glass. Giass is a good
conductor, so the heat flows easily through the glass to the
glass’s outer surface. Once there, the heat flows outdoors by
means of convection and radiation. Since the wind is often
blowing outdoors, heat leaves the window’s outer surface very
easily.

The net effect of all these combined heat losses is that
windows aren’t very good insulators. Heat losses through win-
dows can be cut down by using two layers of glass—as in
doubled-glazed windows or storm windows. A double-glazed
window has an air gap between the glass layers, so it's much
harder for heat to flow through it. As with glass made of a single
layer, it flows by convection and radiation to the window’s inner
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surface. Then it flows by conduction through the first glass
layer, by conduction and radiation through the air gap, by con-
duction through the outer glass layer, and finally by convection
and radiation to the outdoors. Double-glazed windows lose
about half as much heat as a single-layered window; most of
this effect is due to the fact that the air gap acts as a good
insulator.

Double-Glazed Window
Insulates Better
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COLD AIR FLOWS

IN THROUGH

ERACKS IN DOCRS
AND WINDOWS

The third major heat loss from a house is by infiltratic
warm air leaking out through cracks in the walls, doors, ‘&
windows and being replaced by cold outdoors air. Infiltration
can account for one-third of the heat loss of an uninsulated
house and a half or more of an insulated one. Many houses &
poorly built, and thus have quite a bit of air infiltration. On
other hand, if a house were completely sealed it would
stuffy. In any case, cutting down on infiltration is an ea
matter. Infiltration heat losses can be reduced by weather-stri
ping doors and caulking windows. '

WARM AIR FLOWZ
U ouT THRoVEH CRACKS
I DOORS AND WINDOWZ:
AND OUT CHIMNETS

To return to our water analogy. Recall that a housé s ;93.}
losses are equivalent to the holes in the bottom of 2 bucket.
we insulate the house—reduce the conduction, window, hoivis
infiltration losses—it's like making the holes in the b?nsu-
smaller. Just as the furnace needs less heat to keep @ well- buc-
lated house warm, so a faucet needs to add less waterto 2
ket with small holes to maintain a constant water Jevel. oaks

On the average, the furnace adds exactly what hea
out of the house. If less heat leaks out, the furnaceé use:aucet
and your heating bill is less. Similarly, on the average thé

f it. if
adds the same amount of water to the bucket as leaks out©
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INSULATED _HOUSE

BUCKET WITH SIMALL HOLES

LESS WATER
NEEDED

LESS HEAT
NEEDED
Insulated House iZ'Z/é’ | 'L//esé
Needs Less Heat carage

the holes in the bucket are smaller, less water leaks out through
them and less water is needed from the faucet.

Conserving heat in a house by better insulating is pro-
bably more important than solar heating the same house. A
solar heating system that could save half of your heating bill
might cost several times more than better insulation, which
could also save half of your heating bill. If your house is already
well insulated, then solar heating is probably worth the expense.
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SOLAR RADIATION 9 |

Now you’ve seen how houses lose heat. But how can the sun
help to provide house heat? Can the same kind of system be
used for hot-water heating or swimming-pool heating? To
answer these questions, first we have to know something about
solar radiation.
Remember that radiation heat flow (already discussed in
Chapter 5) is a form of heat flow that needs no medium—such
as air, water, or metal—to flow through. Solar radiation is like
radiation heat flow, but It differs in important ways from the
radiation heat flow already discussed. The distinctions between
the two kinds of radiation are critical ones, especially with
regard to solar heating.
Solar radiation and radiation heat flow belong to a class
of radiation called electromagnetic radiation. X-rays, light
waves, microwaves, television waves, and radio waves also
belong to this class. Sound is another ciass of radiation. Sound
radiation is subdivided into various pitches. Kettledrums and
tubas are designed to handle low pitches, whereas flutes and
violins can handle high pitches. Even different species of ani-
mals have ears that can hear different pitches. A dog’s ear or a
bat’s ear can hear high pitches that human beings can’t hear.
Solar radiation and radiation heat flow differ in the same way as
sounds of different pitch do. In fact, you could think of solar
radiation as high-pitched radiation heat flow.
In terms of solar heating, radiation heat flow and solar
radiation differ in two important ways. First, color is a very
important factor in solar radiation but is not too important Iin
radiation heat flow. If a surface is exposed to the sun it will get ,
very hot if it's painted black or a dark color, but it won't get very - {
hot if it's painted white or a light color. Benjamin Franklin re-
portedly discovered this fact by laying a black cloth and a white
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Radiation Comes in Different Pitches

HIGH PITCHED LOW FITCHED

R\ .
ELECTROMAGNETIC N\I7Z an
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RADIATION 7//,/!\\\\\§

SOUND VIOLIN
RADIATION

cloth on the snow on a sunny winter day. The snow meited much
more quickly under the black cloth than under the white one
because the black one absorbed more solar radiation. The white
cloth reflected the sunlight away, so it didn’t absorb as much
solar radiation and didn’t melt as much snow. We will use a
hollow arrow ( —==== ~>) to denote solar radiation to
distinquish it from the other kinds of heat flow.

Solar Radiation
is Sensitive to Color

WHITE CLoTH
DOESN'T MELT SNOW-
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Unlike solar radiation, radiation heat flow reacts in the
same way to different colors. If we held a black cloth and a white
cloth in front of a fireplace, both would get just as hot.

Radiation Heat Flow
is not Sensitive to Color

black
cloth

WHITE cLOTH
GETS ST AS
HOT A5 BLACK

CLOTH

Recall that with radiation heat flow, the only way we
could reflect the radiation was with a shiny surface. But with
solar radiation both shiny surfaces and white or light-colored
surfaces reflect the radiation. For example, you can get a worse
sunburn on the beach than you can get on a golf course. On the
beach you are exposed to solar radiation both directly from the
sun and indirectly from the sun reflecting from the sand, but on
a golf course lawn, you get the radiation only directly from the

sun.

’ ’

éf FROM SUN
" N
2 -f““%."‘)

REFLECTED
Sand Reﬂ.ect's FROM AN
Solar Radiation
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Solar Radiation Goes Through Glass

Solar radiation and radiation heat flow differ in a second
important way. Solar radiation can go through transparent
materials like glass that radiation heat flow cannot go through.
If you held a piece of glass in front of you, it would block the
radiation heat flow from a fireplace; but it wouldn’t stop solar
radiation from coming through. The tendency for solar radiation,
but not radiation heat flow, to pass through glass is sometimes
called the greenhouse effect. Heat can enter a greenhouse
through its glass roof, but the same glass acts like a solid walil
to heat trying to leave the greenhouse by means of radiation.
Plastic materials behave a little differently. Although both glass
and plastic let solar radiation pass through them, some plastic
materials also let radiation heat flow through.

20LAR RADIATION
GOES THROUGH GLASS

HEAT FLOW BLOCKED
By GlLASS

Other than the solar radiation’s color sensitivity and its
ability to pass through transparent materials, it behaves very
much like radiation heat-flow. It traveis in straight lines, and it
can be blocked by even thin material. To get out of the sun you
get in the shade—the shade is simply anyplace where the solar
radiation has been blocked. A tree can provide shade even
though its leaves are very thin.
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SOLAR COLLECTOR
ORIENTATION

A solar heating system has two major parts: the solar collectors
and the heat storage. The collectors capture the solar radiation
that strikes them. As much as possible of this heat is then
stored in the heat storage, and from there it is delivered to the
house.

Solar collectors can be thought of as big nets which
gather the solar radiation that strikes them. Just as a bucket in a
rainstorm collects rain, so a solar collector collects the solar
radiation raining down on it.

Catching Rain is like
Collecting Solar Energy N l////

10




If you were trying to coliect the most rain you could in a
bucket, you’d hold the bucket at the proper angle to catch the
rain. The open top of the bucket is the rain collector, and you'd
point it toward the rain. If the rain were coming straight down
you’d hold the top level, but if the rain were driven by the wind
you'd tiit the bucket so that the top would still face the rain.
Similarly, a solar conector should point toward the sun to pick
up the most solar radiation possible. How can you tell if the sun
is pointed at the collectors? If a small peg sticking straight out
from the collector leaves no shadow, then the collector is
pointed straight at the sun.

—7/////’\\‘\_\\ ~
COLLECTING o
HEAT FROM

OVERHEAD 2UN

CATCHING RAIN ON A
CALM DAY

A Solar Collector Should Face the Sun

LECTING
HEAT FROM SUN
Low IN THE SKY

CATCHING RAIN ON A
WINDY DAY
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PEA LEAVES NO SHACOW
WHEN THE COLLECTOR FACES
THE SUN

. FEG LEAVES A SHADOW IF
Collector Facing the Sun THE COLLECTOR 15 NOT FACING

[ eaves no Shadow THE SUN

The sun’s position in the sky changes during the day as
the earth rotates. In the morning the sun rises in the east; in the
evening it sets in the west. At midday the sun is highest in the
sky, but it is never directly overhead (at least not in the United
States). If you were to face directly south for a whole day the sun
would rise at your left, travel in an arc through the sky, and set at
your right.

The sun’s position also changes with the season. In the
winter, the sun is lower in the sky at midday than it is in the
summer. You can get a better idea of the seasonal change of the
sun’s position by thinking in terms of shadows. Since the sun is
higher in the sky in the summer, your noontime shadow will be_——
shorter than it will be in the winter. /

The sun’s position in the sky changes from hour to hour
and also with the season, yet we want to catch the most sunlight
possible from a flat-plate collector that can’t move so that it :
always faces the sun. To do this, we compromise so that the ;
collector is pointed south, whereby it most nearly faces the sun K
during the midday hours, even though some solar radiation is l
lost in the morning and evening hours. Although there is a best g
direction to face a flat-plate collector, depending on the local
latitude (less tilt is needed in the south than the north), a tilted j
collector that generally faces the south performs adequately.
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Solar Collectors

Should Tilt to the South N
ﬁ'“//’/// ™
TILT ANGLE solar allector
A _
south

House-heating systems usually have a comparatively
high tilt angle, since houses need the most solar heat in the
winter when the sun Is low. Hot-water systems need solar heat
in both summer and winter, so they have a medium tiit angle—a
compromise between facing the sun in the summer and the win-
ter. Solar swimming-pool heaters usually have the lowest tilt
angle. They need heat mostly In late spring, summer, and early
fall when the sun Is highest in the sky.

Tilt Angle
Depends on Application
high summer
}:\\CJS/:_ G i hZ/Z,Z” et
/' ‘Q — E_
el /0N
£ZN /i
HOUSE HEATING HOT WATER HEATING SWIMMING FOOL

HEATING
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A SIMPLE SOLAR
COLLECTOR

Now we need to learn what a solar collector is. The simplest
kind of flat-plate solar collector is just a black-painted metal
plate with a layer of insulation on the back side. It's painted
black because black best absorbs solar radiation, as we dis-
cussed in Chapter 9. Since insulators prevent heat from con-

ducting through them, the insulation on the collector prevents
.J heat loss from the collector’s back side.

4 If we faced the plate toward the sun at noon, it would
¥ begin to get hot as it absorbed solar heat. How hot would it get?

_§\\Wé

BLACK-FAINTED

METAL FLATE BACK OF

AATE INSULATED

65

11

g

. M
m——



We can learn a lot about a solar collector by thinking of it
in terms of a rainwater collector. Imagine that we are building a
device to collect rainwater. As a start, we get a big tray to catch
the rainwater, just as a solar collector “collects,” or absorbs,
solar radiation. We attach a capped pipe to the tray so that all
the rain falling in the tray will flow down the pipe and be caught.

caphired ram

Flows intfo pe

TRAY CATCHES
RAIN

CAFPED END ON
FIFE THAT LFAKS

A Rainwater
Collector with a Leaky Pipe

Suppose the only capped pipe we can find is one that
leaks. As the tray collects rain, the pipe fills; but rainwater flows
out through the leak. The deeper the water gets.in the pipe, the
more water leaks out. At some point the depth gets so high that
the flow out the leak balances the incoming flow of rainwater.
Once this point Is reached, the water gets no deeper. When the
incoming rainwater exactly balances the outgoing water loss
through the leak, the depth of water in the pipe is at its stagna-
tion depth. ’ _ 7 '

Similarly, the stagnation temperature Is how hot a collec-
tor gets when the incoming solar radiation exactly balances the
heat losses that take place by radiation and convection. To
continue our analogy, the tray captures rainwater as the solar
collector captures solar radiation. Just as the water in the pipe
gets deeper and deeper, so does the temperature of the plate
become hotter and hotter. And just as more water flows out
through the leak as the water in the pipe gets deeper, so more

66 A Simple Solar Collector
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Pipe Fills
as Rainwater
Leaks Away

INCOMING RAINWATER
FLOW EQUALS WATER

LOS5 THROUGH LEAK "STAGNATION”™

PEPTH

heat leaks off the front of the solar collector by radiation and
convection as the plate gets hotter. At some point the plate gets
so hot that the heat losses exactly balance the incoming solar
radiation. Once this point is reached, the plate gets no hotter.
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Collector Gets Hot ol \\
as Heat Leaks Away
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The stagnation temperature of a surface—the hottest a .
surface exposed to the sun can get—depends on how much
solar radiation is absorbed. The amount of radiation absorbed
depends on the color of the surface, the angle of the sun’s rays
striking the collector, and how much sunlight actually strikes it.
The best setup to use to absorb solar radiation is the one just
described: a black surface squarely facing the sun on a clear
day. A light-colored surface, a surface not directly facing the
sun, or an overcast day will reduce the amount of solar radiation
absorbed by the surface.

How will less absorbed radiation affect the stagnation
temperature? Let's use the analogy of the rainwater collector
again to understand what happens. Suppose a light rain is fal-
ling on the tray rather than a heavy rain—that's comparable to
less solar radiation striking the solar collector. With less rain
falling, the tray collects less and the incoming rainwater flow is
less. Recall that when we discussed house heating, we found
that a lower water depth in the bucket resulted in less flow out
through the bucket’s holes: high depths are associated with
high leakage; low depths, with low leakage. Thus, if less rain-
water is flowing down the pipe, the depth needn’t be as high to
force all of the incoming water out through the holes. The water
in the pipe wouldn’t be as deep before the flow out through the

| | IE,W |

RAIN
f

(120w smanaTion”

- Pipe Fills Higher with Heavy Rain
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holes balanced the incoming rainwater flow. We can conclude
from this that if the incoming rainwater Is less, the stagnation
depth also goes down.

How can we apply this analogy to the solar collector? We
would expect the stagnation temperature to be less if the
absorbed solar radiation was less (since the stagnation depth
was less when the rainfall was less). When less solar radiation is
absorbed, our simple solar collector starts to get hot. It will lose
more and more heat as it gets hotter. Eventually the heat losses
will equal the amount of solar radiation absorbed. But since the
solar radiation absorbed is less, the collector won't be very hot
when the losses balance the absorbed radiation.

W
N

Collector Gets Hotter
with More Sun

HOT STAGNATION
TEMPERATURE

How hot our simple solar collector gets depends on how
much solar radiation it absorbs. We've gotten the plate hot, but
we haven’t gotten any heat from it yet—the plate may be collect-
ing solar radiation, but it's not doing us any good. You can’t pay
your heating bills with a hot black plate. We want heat from a
solar heating system, not temperature.
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A SOLAR HEATING |
SYSTEM l 2

Not only do'we want to extract heat from our collector, but we
also want to store this same heat to use after the sun goes
down. We can accomplish both purposes by using transport
heat flow. Our simple insulated plate collector can be modified
by soidering metal tubing onto the back of the plate and
pumping water through the tubing.

Extracting Solar Heat
by Transport Heat Flow
tubny soldered
fo “plate

Plack

nsulztion

WATER FUHFED/j/
THROUGH TuBING

Using both metal tubing and metal plate is important,
since heat flows easily through metal by conduction. In this ,
case, the heat flows from where the sun hits the plate to where
the tubing is soldered to the piate. Convection into a liquid, like

7




water, is excellent, so the heat flowing into the tubing easily
heats the water. Insulation is again used on the back side of the
collector to prevent heat from leaking away.

Solar Heat is Conducted
through Metal Collector

plate

nsulation

CONDUCTION
HEAT FLOW

After solar heat flows into the water, it can be transported
from the collector by pumping the heated water to a heat storage
tank. A heat storage tank is a water-filled tank covered with
insulation to prevent heat loss. The pump transports water from
the storage tank to the collector, where it is solar heated, and is
then pumped back to the storage tank in a continuous cycle. We

Solar Heat is
Transported to Storage Tank

HEAT STORAGE
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learned earlier that transport heat flow depends on how fast the
water is pumped. Let’s assume that we've “sized” the pump so
that the water flows fast enough to let heat flow easily out of the
collector and into storage. At the same time, the pump won't be
so big that the power needed to run it will be significant com-
pared with the heat collected by our system.

To return to the water analogy: we don't want only a high
depth in the pipe of the rainwater tray. We want to extract and
store some rainwater for use when the rain stops. If we use a fat
tube to connect the bottom of the pipe to a big tank, some of the
rainwater will flow into the tank. The tube is fat enough so the
water in the pipe can flow easily into the tank.

A Rainwater Collector
with a Storage Tank

Blg TANK

FAT TUBE

The fat tube is analogous to the pump used in the solar
heating system. Just as the pump lets transport heat flow easily
from the solar collector to the heat storage tank, so the fat tube
lets volume flow easily from the rainwater collector to the rain-
water storage tank.

Suppose a heavy rain is falling on the rainwater tray. The
water will flow down the pipe and start filling the tank. Some of
the incoming rainwater will flow into the tank, and some will
flow out the leak. Since we want to store as much rainwater as
we can, we'd like as little as possible to leak away. When only a
small fraction of the incoming rainwater leaks away, we say we
have high collection efficiency. We're efficiently using the rain-
water by storing lots of it and letting only a little leak away. By
contrast, we have low collection efficiency when a large fraction
of the incoming rainwater leaks away and only a smail fraction is

stored.
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When do we get high collection efficiency and when do
we get low collection efficiency? The easiest way to understand
collection efficiency is to remember that high efficiency hap-
pens only when leakage is /ow. Leakage is low only when the
depth of water in the pipe is low—a nearly empty pipe leaks less
than a full one.

High Efficiency Collection
with Empty Pipe

LOTS OF FLow
TO STORAGE ‘Cifle leaksqe

In the rainwater collecting apparatus we're discussing,
we could get high efficiency or low efficiency, depending on the
depth of the water in the pipe. For example, if the water depth in
the tank were low, the depth of water in the pipe would also be
low (the fat tube makes sure both have about the same depth). A
low pipe depth means high efficiency: little leakage and lots of
flow to storage. The same apparatus would give us low collec-
tion efficiency if the storage tank were nearly full. A full tank
would indicate that the water depth in the pipe was also high
(the fat tube insures this), resulting in high losses. Of course, if
most of what is coming into the pipe were lost through leakage,
the collection efficiency would be low.
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Low Collection Efficiency |
with Full Pipe . /‘, ,/ y

2 /reay ram

Now that you have some understanding of collection effi-
ciency, lets’s return to the solar heater. We'll assume it's about
noon on a bright, sunny day: the collector is absorbing lots of
solar radiation.

When the heat storage tank is cool, then cool water is
pumped through the collector. The sun warms it somewhat, so it
comes out a little warmer than it went in, but on the average the

High Collection Efficiency with
Cool Collector
A\
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solar collector plate stays fairly cool. With a cool solar collector
plate, heat losses by radiation and convection are small, so little
heat is lost. Lots of heat goes to storage and efficiency is high.
Similariy, when the rainwater tank has littie water in it, the depth
in the pipe is low, so little rainwater is lost through the leak.
Lots of water goes to storage and efficiency is high.

When the storage temperature is hot, the water being
pumped to the solar collector is also hot. The collector, in turn,
- ‘gets hotter. But when the collector gets hot, it loses more heat
from its front plate by radiation and convection. Since more
solar heat is lost, less heat is stored and the efficiency is low.

Low Collection Efficiency
with Hot Collector

LITTLE
TRANSFORT A=
TO STORAGE /] / \\\\\

Hot water
fo collector

A hot collector means low-efficiency solar collection. We
learned earlier that the hottest a coilector can get Is its stagna-
tion temperature. But at its stagnation temperature its efficiency
is precisely zero—it loses al| the solar radiation it absorbs. If the
water pumped to the collector is cooler than the stagnation tem-
perature, some solar heat can be stored: the cooler the water,
the higher the efficiency. The highest efficiency is achieved
when very cold water is pumped into the collector. The tendency
for efficiency to depend on temperature is an inherent feature of
all solar heaters. It has an important effect on how solar energy
can be applied to various kinds of heating needs.
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SOLAR HEATING 1 3
APPLICATIONS

Efficiency, as we've just learned, depends on the collector's
temperature. A collector that stays cool loses little heat to the
outdoors; one that's hot leaks a lot of heat. Consider a solar
swimming-pool heater. Collectors on the roof, quite similar to
the ones just described in Chapter 12, absorb solar radiation and
heat the water being pumped through them. But, instead of
using a storage tank, the pool litself stores the solar-heated

water.
N
TS~
solar pool hester .- 7// | \\\

cooL FooL
WATER INTO
COLLECTOR

Swimming Pool Stores Solar Heat
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A swimming-poo! solar collector gets very high effi-
ciency because it uses heat only at relatively low temperatures.
The water pumped into the collector is cool water from the pool.
The water going into the collectors might be 80° F and the water
coming out might be 80° F, so on the average the collector stays
fairly cool. Solar pool heaters are used mostly in the late spring
and early fall, so the daytime temperature (when all the solar
collecting is going on) is perhaps 60° to 80° F. Since heat loss
is due to temperature difference, the small temperature
difference (maybe 20° F) between the collector and the outdoors
means little heat will be lost from a solar swimming-pool col-
lector. Low heat loss, of course, means high efficiency. Even
the simplest solar swimming-pool collectors can get efficien-
cies of 75 percent or more. Three-quarters of the solar radiation
striking the collector ends up heating the pool water; only one-
quarter of the heat is lost.

COLLECTOR TEMPERATURE 7
BETWEEN BO°F ¢ 90°F ; ////l

outdoors
fempera -
e apout

8O°F peool water
fo ;a%ar

Swimming Pool Heater
Operates
at Cool Temperatures
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For most other applications of solar heating—notably
home heating and hot-water heating—conditions are not so
favorable for high efficiency. For example, in solar heating your
home, the temperature on a cold winter day might be 30° F out-
doors at the same time the storage tank temperature is 130° F. A
100° F temperature difference between the collector and the
outdoors means you would lose about five times the heat of a
solar pool heater when the temperature difference was only
20° F. With losses this high, efficiency would be very low.

Solar House Heater Operates
at Hot Temperatures

SOIAR COLLECTORS
PETWEEN 1BOFél4C

I30°F STORAGE
WATER TO coLLECTOR

In heating water the problem is similar to house heating:
it's cold outside and you want hot water. Lukewarm water
coming from a solar water heater isn’t good enough. As in house
heating, the daytime temperature in winter might be about 30° F
outdoors while the stored heat might be at 130° F. Again, a
100°F temperature difference between the collector and out-
doors means that lots of heat is lost and efficiency is low.

Note that in the solar hot-water heater, the storage tank
and the collectors are much smaller than those used for house
heating. Since in most parts of the country more heat is needed
to heat a house than to heat water for the same house, a solar ‘.
hot-water heater is usually quite small compared with a solar i

space-heating system.

B
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SOLAR COLLECTORS

Solar Water Heater Operates at
Hot Temperatures

For either house heating or hot-water heating a simple
solar collector such as the one we've discussed so far won’t
work too well. What's appropriate for swimming-pool heating is
too inefficient for house and hot-water heating.
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GLAZING AND 1 4
SELECTIVE
SURFACES

How do we get both high temperature and high efficiency from a
solar heating system? We need high temperature (130° F) for
house and hot-water heating, but we also want high efficiency
so the system will be economical. If we were only gathering rain-
water, it would be easy to see how to get higher efficiency: we
would try to stop the leakage.

If we simply tied a rag tightly around the leaking pipe, it
would be harder for the water to leak out. With less leakage effi-
ciency is higher, since a greater fraction of the incoming rain-
water flows into the storage tank.

Rag Reduces
Rainwater Leakage

mcommng
raimwater

Iflle flow
stordge




Glazing is a Transparent Cover . .z,
Over the Collector

Remember that the water depth in the pipe in the rain-
water collector is equivalent to the collector temperature in a
solar collector. High rainwater collection efficiency is equivalent
to high solar collection efficiency. If we want high solar effi-
ciency and hot collector temperatures, we'll have to stop heat
from leaking from the collector; just as we would use a rag to
stop rainwater from leaking out of the pipe.

Glazing is one way to reduce heat loss from a collector.
Glazing is a transparent cover, usually made of glass or plastic.
It is held a few inches from the collector surface by the glazing
frame. Since solar radiation passes through glass or plastic,
almost all of it is still absorbed by the biack collector surface.
But with glazing, heat can't escape as easily.

msulation

e
—— "~ ——--__/

OLLECTOR v
“ ¢ GLAZING

The biggest heat loss, by far, on an unglazed collector
takes place by convection (although radiation losses can be
one-fifth of the total). Convection losses are high mostly
because the collector is exposed to the windy outdoors. As we
have learned, when air blows over a surface, the surface loses
heat easily. A collector on'the roof of a house is seldom in still
air.

Glazing prevents heat loss from the collector surface by
isolating it from the wind. The air inside the glazing cover is
"still” air; heat flows from the black surface by natural convec-
tion rather than by forced convection (the wind). First, some
heat will leave the collector surface by means of natural convec-
tion; then it must flow into the inside surface of the glazing,
again by natural convection. Next, conduction heat flow takes it
through the glazing, and finally the wind blows it off the outer
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surface of the glazing by forced convection. You put pizza in a
box for the same reason as a solar collector has glazing—the
box prevents convection heat loss from the pizza.

Glazing Reduces
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The glazing also reduces the amount of radiation heat
flowing from the collector surface. Since radiation heat flow is
mostly blocked by glass (and partially blocked by plastic), the
radiation heat flow “sees” the inner surface of the glazing rather
than the sky. The inner surface of the glazing is hotter than the
“sky temperature,” so radiation heat loss is less with the smaller
temperature difference.

Glazing Reduces
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Another way to prevent heat loss from a collector is to
coat its surface with a selective coating. The coating absorbs
the high-pitched solar radiation just as black paint does, but it
prevents most of the low-pitched radiation heat flow from leav-
ing the collector surface. These special coatings are called
selective because they react differently to solar radiation than to
radiation heat flow. Usually they're used with glazing. A bare
unglazed collector loses only one-fifth of its heat by radiation,
whereas four-fifths of its heat is lost by wind convection. A
glazed collector, though, has very low convection heat loss, so
the radiation portion of heat loss becomes a substantial part of
the total—about half. By further reducing the radiation portion
of the heat loss from a glazed collector with a selective surface,
the total heat loss of a glazed collector can be cut down sub-
stantially.

2" SMALL
RADIATION

<" VERY SMALL
RADIATION
HEAT FLOW

wllctor

Selective (?o§ting Reduces zzz=7)
Radiation Heat Loss

ey

S

The net effect pof glazing and selective coatings is that
they allow solar radiation in but prevent heat losses from the
collector, just as the rag prevents rainwater from leaking away
from a pipe.

A collector with glazing delivers high temperatures at
high efficiency—exactly what is needed for house heating and
hot-water heating. A glazed collector loses less heat to the out-
doors than an unglazed one at the same temperature, just as the
pipe with the rag leaks less rainwater than one without a rag at
the same water depth.
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Whether or not glazing is needed depends simply on the
temperature required from the solar heater and the outside
temperature at which it must operate. Solar house heaters and
solar hot-water heaters must deliver high temperatures and
usually operate in cold weather, and they are commonly glazed.
Solar pool heaters don’t need to deliver hot water and usually
operate in mild weather, so they are commonly unglazed. How-
ever, pool heaters used in winter are often glazed, and hot-water

. heaters used in warm climates (parts of Israel, for instance) are
often left unglazed.

eI L
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- NIGHTTIME HEAT LOSS

The solar collector has captured the sun’s heat during the day,
and the captured heat has been pumped to storage. But what
happens when the sun goes down or the sky clouds over? Again,
we’ll use our rainwater apparatus to understand what happens.
Suppose the rainwater tank is nearly filled and the rain
stops. What will happen? With no rain falling on the rain col-
lecting tray, no rainwater flows down the pipe. But water can
still flow into the pipe from the tank through the tube that
connects the two. The water depth in the pipe, then, will have
almost the same depth as the water in the tank, since water can
flow easily between them. However, when there is water in the
pipe it leaks out—the higher the depth, the more the leakage.

‘Tank Loses Water

when Rain Stops

water stored DEPTH DRIVES
fom rém STORED WATER
OUT LEAK
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The net result is that stored water can flow out of storage and
into the pipe and then flow out the leak. All the carefully col-
lected rainwater leaks away as soon as the rain stops.

To prevent loss from the tank when the rain stops, we can
put a check valve in the tube connecting the pipe and the tank. A
check valve is a device that biocks the flow of water in one direc-
tion but allows it to flow in the other direction. Check valves are
common devices to let a liquid flow in only one direction; in
fact, your own heart has several such valves to keep your blood
flowing in the right direction.

Water Flows One Way

through Check Valve

FLOW

5 o FLow IN THIS DIRE
IRECTION
IN THIS DIRECTION é

FLAP

FLAP
OFENS

CLOSES

With a check valve inserted in the tube between the pipe
and the tank, rainwater can flow easily from the pipe to the tank
when the tray is catching rainwater. But when the rain stops, the
check valve prevents any stored water from flowing back out the
tank and into the pipe where it leaks away.

Check Valve Prevents Leakage
when Rain Stops

Fank

depth 1 s

T- IFZNO LEAKAGE
Y, FROM FIFE
ramwater Bilve
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The same process can occur in a solar heating system.
Heat in the heat storage tank can be lost after the sun goes
down. When solar radiation is not being absorbed by the collec-
tor plate, the water /oses heat as it passes through the collector;
it does not gain heat. Hot water pumped from the storage tank to
the collector is hotter than the outdoors temperature, so heat
flows by radiation and convection to the outdoors.

4

Storage
Loses Heat at Night

COLLECTOR
FAATE LOSSES

hot water
from 5/o&aje

TRANSFORT
HEAT FROM
DTORAGE

As stored water from the rainwater collector tank, leaks
away when the rain stops, so stored heat leaks from the solar
collector tank when the sun is not out. In the rainwater system,
we can use a check valve to prevent rainwater from flowing back
from the tank to the pipe. The check valve lets rainwater into the
tank, not out of it where it can leak away. In our solar heating
system, the same effect can be achieved simply by stopping the
pump whenever the sun isn’t shining. Just as the check valve
senses when the tank depth is greater than the pipe depth—in
other words, when rainwater is leaving the tank—temperature
sensors detect when the heat storage tank is hotter than the
collector—when heat Is leaving storage—and they control the
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pump. If the storage tank Is hotter than the collector, the pump
is shut off; If the collector is hotter than the storage tank, the

pump is turned on.

PUMP CONTROLLER :
ON IF COLLECTOR HOTTER.

ﬁ" OFF |F STORAGE HOTTER.
collector . L

Controller Prevents Nighttime Heat Loss |
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ATYPICAL DAY:
MORNING

Now that we've examined all the elements of a solar heating
system, let's see how it operates during a typical winter day.
Right now we’'ll consider only collecting and storing heat; later
we'll see how we use the stored heat. We'll also follow the oper-
ation of our rainwater collecting apparatus so comparisons can
be made between the two at various stages.

Let’s assume that both collecting systems begin the day
partly full. For example, in the rainwater collector, there might
have been some rainwater left from previous rain. In the solar
collecting system, we’ll assume the heat storage tank is still
warm from the previous day'’s collection.

In the rainwater apparatus, the check valve has closed to
keep the stored water from leaking out. No rain is falling, and
any water in the pipe has long since leaked out. As for the solar
heater, the sun has not yet risen. The collector, which has been
exposed to the cold night air, is much colder than the heat stor-
age tank. The heat storage is warmer than the outdoors because
it still contains heat. The controller had sensed that the collector
was colder than the heat storage tank and shut off the pump,
preventing the storage tank from cooling.

As the sun rises, the collector starts to get a little
warmer. But since a south-oriented collector doesn’t face the
sun early in the morning, not much solar radiation is absorbed.
The collector will get warmer, but not as warm as the heat stor-
age. Since the collector is still colder than the storage tank, the
controller won't turn on the pump. Of course, the collector is a
little warmer than the outdoors, so it loses heat through its
glazing. In fact, it loses all the heat absorbed by the collector:
since none is saved, all of the incoming heat is lost.

For the rainwater apparatus to be analogous to our solar
collector, let's suppose that it starts to drizzle on the rainwater
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TANK TEMPERATURE

Before the Sun Rises

collecting tray. Since little rainwater is being collected, the
water in the collection pipe dosn’t get as deep as the storage
depth. No rainwater flows into storage, and efficiency Is zero—
all the rain captured by the tray leaks away.

Until the temperature of a collector gets hotter than the
storage tank, no heat is collected. Often on cloudy days, a solar
collector doesn't collect any heat whatsoever, just as when the
sun first rises in the morning not enough solar radiation falls on
the collector to make its stagnation temperature hotter than the
storage tank’s. The heat leaks away from the coliector as fast as
it is absorbed. The cold temperature outdoors aggravates the
situation, since the incoming solar radiation must further raise
the collector’'s temperature so that it equals the storage temper-

ature.

92 A Typical Day: Morning
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Just After Sunrise

JUST SPRINKLING

SUN JUST
RISING

2
5 . 1
As the sun gets higher in the sky, its radiation strikes the
collector more and more head-on, and more solar radiation is

absorbed by the collector plate. Eventually the -collector plate
gets hotter than the storage tank. When it does get hotter, the
pump controller senses the temperature difference between the
collector and the storage tank and turns on the pump. With
pump water flowing, some of the heat absorbed by the collector
is moved into storage: water flowing from storage Is heated as it
passes through the collector. Warm water from the collector fur-
ther heats up the storage tank. Now not all the collector’s heat is
lost, since some of it is going into storage.

In the rainwater collection system, let's suppose the rain
increases from a drizzle to a light rain; this is analogous to more
sunshine being absorbed by the solar collector. With more rain- |
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Early Morning

SOME RAINWATER
70 STORAGE

water collected and flowing down the pipe, the pipe’s water
depth gets higher than the storage water depth. The check valve
opens and not all the rainwater Is lost through the leak, since
some is flowing into storage.

warm
storage

SOME TRANSFORT HEAT
FLOW TO STORAGE

In the late morning the sun faces the collector nearly
head-on; and much more solar radiation is absorbed by the col-
lector plate. With the pump on, warm water from storage is
pumped through the collector, where it is further heated. It
returns to the storage tank hotter and continues to heat the tank.
The collector always stays a littie hotter than the storage tank,
so the controller aiways keeps the pump on. Efficiency is high in
the late morning. The collector receives water from storage, and
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before noon storage isn’t very hot yet. When the collector isn’t
hot, heat losses are iow, resuiting in high efficiency.

The rainwater equivalent to the sun hitting the collector
nearly head-on is a heavy rain. The incoming water fills up the
pipe and flows through the check valve into the storage tank.
Since the pipe’'s water depth isn’t too high yet, not much rain-
water is lost and efficiency is high.

Late Morning L
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A TYPICAL DAY: 1 7
AFTERNOON

The midday hours (10:00 A.M. through 2:00 P.M.) are the most
important for solar collecting. During these hours the sun faces
the collector aimost head-on. A large fraction of the solar heat
collected in a day occurs during these midday hours. By con-
trast, the early morning sun doesn’t face the collector squarely,
and the same.is true in the late afternoon. In addition, the early
morning and late afternoon sunlight has to pass through more of
the atmosphere on its way to the collector.

More Solar Radiation Near Mid-Day

SHORT FATH THROUG MIJJB)/ Sun

LONG FATH
THROUGH
ATMOSFPHERE

Solar radiation is diminished as it goes through the
atmosphere, so less of it reaches the collector during the early
morning and late afternoon. During the midday hours the sun
angle is better, and the sunlight passes through less atmos-
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phere as well. In fact, in winter, a flat-plate collector can collect
almost as much heat as a tracking collector, which has a
tracking mechanism to keep the collector always pointed at the
sun. Even though the tracking collector can face the early mor-
ning and the late afternoon sun, there isn’t much solar radiation
to be collected then anyway. One that doesn’t move at all can
collect almost as much heat, yet be simpler and cost less.

A few hours past noon, most of the solar heat to be
stored during the day has been moved by transport heat flow to
the storage tank. The water in storage won't get much hotter,
since little more heat will be added. Enough solar radiation is
still present to heat the collector so that it is slightly hotter than
the storage tank. But efficiency has fallen off: the collector Is
much hotter than the outdoors, making losses high. High losses
mean little heat collected and lower efficiency.

In the rainwater system, a heavy rain Is still falling—ana-
logous to the sun being nearly square to the solar collector. But
after heavy rain for a long time, the storage water depth and the
water depth of the pipe are much higher. The pipe’s water depth

RAIN
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is high enough to force much of the rainwater out of the leak.
High leakage leaves little of the incoming flow to go to storage,
so efficiency is lower.

Late in the afternoon the sun faces the collector less
squarely, and less solar radiation Is transmitted through the
atmosphere, as we discussed earlier. The net effect of these
factors is that the solar radiation absorbed by the collector falis
off rapidly. But losses are still high, since they are determined
by how hot the water coming from storage is. Eventually the col-
lector can't absorb enough heat to stay hotter than the storage

., tank. When the collector gets cooler than the storage tank, the
controller shuts off the pump. Of course, efficiency Is zero when
the pump is off. Any incoming solar radiation that is absorbed Is
lost completely through the glazing.

Let’s suppose that the heavy rain falling on our rainwater
tray diminishes, just as the solar radiation absorbed by the solar
collector in the late afternoon Is reduced. Less rainwater flows
down the pipe, but there’s still a lot of leakage since the pipe's

l water depth is so high. The reduced inflow can’t maintain as
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high a stagnation depth in the pipe because so much is leaking
out. When the pipe’s water depth drops below the storage water
depth the check valve closes, preventing loss of our carefully
stored rainwater out through the pipe’s leak. As soon as the
check valve closes, efficiency drops to zero: all the rainwater
flowing down the pipe leaks away.

Finally the sun sets. The solar collecting system appears
from the outside just as it did before the sun rose that same
" morning. The collector, exposed to the cold night air, is much
colder than the heat storage tank. No water is pumped from
storage to collector because the controller has long since
sensed that the storage is hotter. Only the temperature of the
storage water has changed. Whereas before dawn it was only
warm, after sunset it is much hotter.

.Similarly, when the rain stops falling on the rainwater
collector, the only difference is the amount of stored rainwater.
The water in the pipe has long since leaked out and the check
valve is closed, preventing loss of the stored rainwater. The net
effect of the rain falling has been simply to store some portion
of the rain caught by the collecting tray. Although some rain-
water leaked away, the storage water depth after the rainstorm is
much higher than it was before.

After the Sun Sets
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USING STORED HEAT 1

Solar heat has been collected and stored in order to be used. In a
swimming-pool heater it's easy to use the stored heat. Instead
of pumping the solar-heated water to a heat storage tank, the
pool itself stores the sun’s heat. But if we're trying to heat a
house or water, we need some way to get the heat out of stor-
age. By analogy, if we want to get the rainwater from the rain-
water collector, one way would be to tap into the side of the
storage tank. We can tap off some stored rainwater whether
we're simultaneously collecting rainwater or whether the rain
has stopped and we’re only tapping off the stored rainwater.

Using Stored Rainwater

STORED
RAINWATER

FLOW OUT OF STORAGE
WHEN NEEDED

Similarly, a heat storage tank can be “tapped” to yieid its
stored heat. However, instead of actually removing the hot water
from the storage tank, a heat exchanger is psually used to
extract the heat—but not hot water. A heat exchanger consists
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of a coil of copper tubing which sits inside the heat storage
tank; cool water is pumped into one end of the coil and hot water
flows out the other end. The stored hot water heats the outer
surface of the copper coil by natural convection; the heat flows
easily through the copper by conduction. The water flowing
through the coil is then heated by convection from the hot cop-
per surfaces that the water flows past. This kind of heat exchan-
ger is called a liquid-to-~liquid heat exchanger, since heat is
transferred from one liquid (the hot storage water) to another
(the water pumped through the coil).

TRANSFORT HEAT FLOW
FROM STORAGE fé’ﬁm‘?’&
. } STORED
' | HOT WATER
ho! w;ef @ — -
ou WFKF
ol
cool water
m
A Heat Exchanger
Extracts
Stored Heat

Cool water can be pumped into the heat exchanger
whether or not the solar energy system is also collecting heat. It
is possible to withdraw heat from storage while simultaneously
adding solar heat to storage. The only requirement for the heat
exchanger is that the stored water must be hotter than the cool
incoming water. . Q\.\\\-\J, i/

= ot
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Let’s consider the case of heating water. Usually a solar
heating system is used as a preheater for a conventional gas,
oil, or electrical hot-water heater. Cold water from a well or
water main flows through the heat exchanger before going to the
conventional guxiliary unit, as it is sometimes called.

Solar Water Heating: Preheater
Arrangement

TRANSFORT
HEAT FLOW FROM

cooL WATER
FROM MAIN

The preheater arrangement has several advantageé. First,
the stored solar-heated water only has to be hotter than the
water main temperature to extract stored heat. Usually, the
water main temperature is about the same as the ground temper-
ature, so even a little sunlight can heat the water from the main.
Second, if the solar heater cannot get the water hot enough, the
auxiliary hot-water heater can top it off. In the winter, for exam-
ple, the water main temperature could be 50° F. The solar heater
might only be able to heat it to 100° F. The auxiliary heater
needs only to heat it another 30° for its temperature to reach the
desired 130° F. Most of the heat was added by the solar heater,
but some was added by the auxiliary heater. Since most people
are accustomed to regulated hot water, having a conventional
auxiliary unit in addition to the solar preheater is almost a

necessity.
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Similarly, in house heating, a solar heating system can
be used as a preheater for a conventional furnace. Let's suppose
we're solar heating a house that is heated by forced air (forcing
heated air through air ducts). We can extract solar heat from our
storage tank with a /iquid~to-air heat exchanger.

Recall that we've already used a liquid-to-/iquid heat
exchanger to extract heat from our storage for hot-water
heating. The two types of heat exchangers look distinctly differ-
ent. This is because it is so much easier to transfer heat to water
than to air, and much more surface must be exposed to the air
than to the water.

In a liquid-to-air heat exchanger (a car radiator is one
type), hot water pumped through many parallel tubes transfers
heat to the air by way of hundreds of thin metal fins attached to
the tubes. Heat flows easily into the metal tubes from the flow-
ing hot water. Then it's conducted easily along the fins, insuring
that lots of hot fin surface is exposed to the air biowing by.
Because heat doesn't flow easily by convection from a surface
into air, a lot of fin surface is needed and the air must blow fast

over the fins.

A Liquid-to-Air
Heat
Exchanger

TRANSFORT HEAT
ouT
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In heating a house with a solar preheater, a liquid-to-li-
quid heat exchanger draws heat from the solar heat storage and
feeds it into a liquid-to-air heat exchanger. The latter transfers
heat to the air flowing into a furnace—often an electric furnace.
If the air is sufficiently hot, the furnace’s coils never come on.
But if the solar heat storage is too cool, the coil of the furnace
will add additional heat to the air.

Solar House Heating: Preheater
Arrangement

TRANSFORT HEAT

Solar heat is also used as a preheater for a conventional
heating system. Note that even though electricity is a very
expensive fuel, it is used only a fraction of the time: the house is
primarily solar heated, and electricity is used as a back-up.

So far we've talked about preheater, or series arrange-
ments of solar and auxiliary heating systems. Series, in electri-
cal terms, means flowing first into one and then into the other;
the auxiliary adds its heat only after the solar heat is added.
Another arrangement is a parallel one where both the solar
heating system and the auxiliary unit directly heat the house. An
example of a parallel arrangement is a house that is simulta-
neously heated by electric baseboard heating and hot-water
baseboard heating. Both systems add heat to the house, but the
electric auxiliary system comes on only when the temperature of
the solar storage is insufficient to heat the house. '
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Solar House Heating: Parallel
Arrangement

AUXILLARY
BPASE BOARD
ELECTRIC

There are many other ways that solar energy can be
coupled with an auxiliary unit for house and hot-water heating.
The ones shown here are just a few of the possibilities.

But why have an auxiliary unit at ail? Without one you
couldn't count on having your hot water or house heated after
several days of cloudy weather. Then why not store a week’s
supply of heat? From an economic viewpoint, storing much
more than a day or two’s heat supply becomes expensive. A
storage tank that holds a week’s supply of heat costs much more
than one that holds a day’s supply. Although some solar energy
heating systems have been, built to store heat for months at a
time, the majority of residential systems store only a day’s heat

supply.
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AIR-HEATING SOLAR
SYSTEMS

so far we've only discussed hydronic, or water-heating, solar
energy systems. It's also practical to let solar radiation heat air
instead of water. An air-heating solar collector is very similar to
the water-heating collectors we've aiready learned about. Air,
instead of water, is forced past solar-heated surfaces.

Most air-heating solar collectors are made with an
absorber surface with air ducts instead of water ducts attached
to the back side. As in a water-heating collector, glazing pre-
vents heat loss from the black absorbing surface. An inlet duct
lets air be blown into one side of the collector, and an outlet
duct lets it flow out the other side. Insulation prevents heat loss
from the sides and back of the air duct.
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After solar radiation passes through the glazing, it is
" absorbed by the black absorbing surface. Some heat is lost by
natural convection and radiation from the absorbing surface,
depending on how hot it gets—as in a water-heating solar col-
lector. What is not lost flows by conduction through the absor-
bing surface to the air duct where it flows by forced convection
into the airstream and is transported to storage.

Heat Flow in an

Air-Heating Collector TRANSPORT HEAT
glazing

FLOW FROM COLLECTOR

FORCED CONVECTION
TO AIRSTREAM

In air-heating solar collectors, lots of surface area must
be exposed to the airstream. Often the back side of the absorb-
ing surface has many fins, as do liquid-to-air heat exchangers
and baseboard heaters. Heat conducted through the metal
absorbing surface is conducted along the fins. With lots of fin
surface exposed to the air in the ducts, solar heat can easily flow
by convection into the airstream.

Storage for an air-heating system is a rockbed—a closed
container of crushed rocks, each about the size of an egg. As the
hot air flows through the crevices in the rockbed, it gives up its
heat to the rocks. The rocks heat up and the air cools. If much
smaller rocks are used, it's hard for the air to flow through the
crevices; if much larger rocks are used, they don’t heat up thor-
oughly. Heat in the rockbed stratifies; the rocks higher up are
hotter than those near the bottom of the bed. Air coming from
the bottom of the rockbed is cooler than the solar-heated alr

entering the top.
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Functionally, the air-heating system works almost
exactly the same as a water-heating system does. Solar heat is
transmitted through the glazing and is absorbed by the biack
absorbing surface. The heat is conducted from the absorber sur-
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face and convected by air flowing through air ducts. Similarly, in
a hydronic system, heat is also conducted from the absorber
surface but is convected by water pumped through tubes. in
both types of collector, heat is lost from the absorbing surface
by means of radiation and convection, depending on how hot
the surface gets. The heat that isn’'t lost is transported to
storage by either air or water. As in a water-heating system,
storage increases in temperature as heat is added. Cooler air
(rather than cooler water) is blown (rather than pumped) back to
the collector. Efficiency—the fraction of the incoming solar
radiation going to storage—still depends on the collector tem-
perature: a hot collector gives low efficiency and a cool collector
gives high efficiency.

As In a water-heating system, a controller detects when
the temptrature of the air leaving the solar collector is hotter
than the air entering it. The controller turns on the fan when heat
can be extracted from the sun, and it turns it off at night or on
cloudy days when no useful solar heat is available.

An Air-Heating Solar Energy System
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All in all, air-heating systems function much the way
water-heating systems do. In fact, the systems are so similar
that the rainwater analogy can represent both. However, al-
though they are functionally similar, there are important differ-
ences in the design of the two types of systems.
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One way solar air-heating collectors differ from water~
heating ones is in temperature rise. Temperature rise is the dif-
ference between how hot the air is going into the collector and
how hot it is coming out. Since air doesn’t transport heat as well
as water does, air flowing through a collector tends to heat up
more. If the same amount of air and water were flowing into their
respective collectors at the same temperature, the air wouid
come out hotter than the water. If the air comes out hotter, then
the average collector temperature would be hotter too—and a
hot collector means low efficiency.

Fortunately, air-heating systems don’t have low effici-
ency, since the air blowing into them is cooler. Because of the
stratified effect mentioned earlier, air flowing into the collector
comes from the rockbed fairly cool. Cool air entering the solar
collector tends to lower the collector's temperature and to
improve efficiency. The improvement due to the cool iniet of air
from the rockbed offsets the reduced efficiency of a big temper-
ature rise through the collector: the air starts off cooler but gets
hotter. The net effect is that an air-heating system is just as ef-
ficient as a water-heating system.

What are the advantages and disadvantages of using an
air-heating system? Generally, air systems are best for house
heating, while hydronic systems can be used for house heating,
hot-water heating, and pool heating. Although it is possible to
make an air-heating hot-water heater or pool heater (using an
air-to-liquid heat exchanger), it is usually too costly to be
practical.

For house heating, an air~heating system won’t spring a
leak and ruin your rug as a water-heating system might do.
Leaks in hydronic systems can be caused by corrosion of metal

WATER-HEATING SYSTEM AIR - HEATING SYSTEM
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collectors and pipes or by freezing, as we'll see later. Leaks in
air-heating systems won't ruin your rug, but they can mean a big
loss in efficiency. Unless air leaks in ducts and collectors are
carefully sealed, heat can easily leak away. If there are air leaks,
they are very hard to detect.

But the greatest advantage of an air-heating system is
that no freezing or boiling precautions must be taken. Water in a
hydronic system can freeze, rupturing a solar collector's water-
carrying passages. Since almost everywhere in the United States
except Hawaii, southern California, and southern Florida have
occasional freezing weather, hydronic systems must have some
type of freeze protection. Antifreeze is often added to the water
as protection against freezing, or drain-down systems can be
installed to drain the water from the coilector at night to prevent
it from ﬁeezlng.

Water can also boil in a hydronic solar collector if it gets
too hot. It probably won’t boil while the pump is running, since
the water pumped through the collector keeps it relatively cool.
But if the pump breaks down or the electricity goes out, the col-
lector can get very hot. Stagnation temperatures of 300° F and

Some Advantages of Air-Heating Systems
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higher can occur on a bright, sunny day. To prevent the collector
water from boiling, chemicals like glycol can be added, or the
system can be set up to drain the collector automatically if the
pump stops working. In any event, freezing and boiling precau-
tions can add expense and complication to a solar heating
system that an air-heating system doesn't entail.

What about the disadvantages of air-heating systems?
There are some. First, an air-heating system tends to use more
electricity driving its fans than a hydronic system does driving
its pumps. Second, the ducts needed to transport the heat from
the solar collector to the storage tank and then from storage to
the rest of the house can be much bulkier than the piping In a
hydronic system. Also, the bulky ducts are generally more
expensive to install than are the pipes.

Some Disadvantages of Air-Heating Systems

WATER- HEATING SYSTEM | AIR - HEATING SYSTEM
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PIPES
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Now that we've looked at solar energy systems that use
pumps or fans to transport heat from collector to storage, let's
look at some systems that are truly solar powered.
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A PASSIVE SYSTEM -
DIRECT GAIN

Passive solar heating systems are those which don't use pumps
or fans to transport the solar heat. They are passive because all
they use to operate is the sun’s heat. Active systems, such as
we've learned about so far, use active power—usually electri-
city—to operate.

A direct-gain passive system is the simplest of passive
solar heating systems. As with most passive systems, they are
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higher can occur on a bright, sunny day. To prevent the collector
water from boiling, chemicals like glycol can be added, or the
system can be set up to drain the collector automatically if the
pump stops working. In any event, freezing and boiling precau-
tions can add expense and complication to a solar heating
system that an air-heating system doesn’t entail.

What about the disadvantages of air-heating systems?
There are some. First, an air-heating system tends to use more
electricity driving its fans than a hydronic system does driving
its pumps. Second, the ducts needed to transport the heat from
the solar collector to the storage tank and then from storage to
the rest of the house can be much bulkier than the piping in a
hydronic system. Also, the bulky ducts are generally more
expensive to install than are the pipes.

Some Disadvantages of Air-Heating Systems
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Now that we've looked at solar energy systems that use
< pumps or fans to transport heat from collector to storage, let's
2 look at some systems that are truly solar powered.
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A PASSIVE SYSTEM -
DIRECT GAIN

Passive solar heating systems are those which don't use pumps
or fans to transport the solar heat. They are passive because all
they use to operate is the sun’s heat. Active systems, such as
we've learned about so far, use active power—usually electri-
city—to operate.

A direct-gain passive system Is the simplest of passive
solar heating systems. As with most passive systems, they are

\\\\\\fl/éé
WELL INSULATED NI
roor LTINS

WELL
INSULATED
WALLS 5-0:-/-/’—’
W ) R4 /'
‘ e /,

A Direct-Gain Passive Solar House

115




used primarily for house heating. In a direct-gain system, the
house itself becomes a huge solar collector. Imagine a house
that had the entire south wall made of glass and had lots of
insulation on the roof and other walls. Sunlight entering the
south-facing wall would be absorbed by the floor, furniture, and
inside walls. The heat would be trapped inside by the glass wall
just as a solar collector’s heat is trapped by glazing. Well-insu-
lated roof and walls prevents heat loss out of the house just the
way a collector’s insulation prevents heat loss out of the back of

the collector.

A Direct-Gain House

is Like a Solar Collector
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The simple direct-gain house might not be very comfor-
table to live in. During the day it could get very hot inside—re-
member how hot your car gets after sitting all day in the sun
with the windows shut. At night it could get cold, because little
of the solar heat collected during the day would be available to
heat the house at night. For some buildings these problems
aren't crucial. A school, for example, needs heat only during the
day, and windows can always be opened to keep the building
from getting too hot. Homés and most other buildings, though,
need heat at night as well as during the day.

Active solar heating systems need storage to hold solar
heat until night, and so do passive systems. Storage can be
added to the direct-gain system just described by constructing
the floor and inside walls of material that stores heat. For exam-
ple, the floors can be made of thick rock or concrete. When the
sun strikes the floor, the rock heats up and remains warm until
nighttime; as it slowly loses its heat, it keeps the house warm.
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Sometimes drums of water are put inside a room to
increase heat storage—water, remember, stores more heat than
rock or concrete do. For best results, the water drums or thick
rock floor should be in the direct sunlight, so that the storage is
also the solar radiation absorber. The more heat storage there Is
in water drums and rock floors, the less tendency there is for a
direct-gain house to overheat. A huge heat store will not get as
hot after a day of absorbing solar heat, nor will it cool as quickly
at night. The bigger the heat store, the less the temperature
swing—the tendency to be too hot in the late afternoon and too
cold in the moming.

The rainwater analogy to a direct-gain house is a collec-
tor tray directly attached to a large storage tank. The tank is
large because the equivalent heat storage must be large to
reduce temperature swing. The tank represents the heat stored
in the house’s floor or water drums; the water depth In the tank
represents the house’s temperature. A house loses heat to the
outdoors; analogously, the tank must also have a leak. As
before, the pipe on the collecting tray has a leak; it represents
the heat leaking from the glass south wall on our direct-gain
house. The rainwater tray collects the rain, filling the tank.
When the rain stops, no rainwater flows down the pipe but water
Is still lost from both the pipe leak and the tank leak. The water
level will slowly drop as the rainwater leaks out. It takes a long
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time to fill a large tank, so its depth doesn't rise very high; nor
does a large tank drain quickly. The bigger the tank Is, the less Is
the rise and fall of the water depth. Analogously, the bigger the
heat storage is, the less the temperature swing is.
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When we learned about active systems, we learned that
the controller serves an important function in preventing night-
time heat loss. The solar collectors in an active system are sep-
arated from the storage. Only the heat transfer medium (air or
water) moves heat from the collectors to the storage. When the
controller turns off the fan or pump, no heat can be transported
from storage back to the collecor. In a direct-gain system,
though, the collector and storage aren’t separated. The solar
collector is the heat storage (the thick concrete floors).

Collector and Storage are Separated
in an Active System
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Unless the collector and the storage are separated, heat
can leak from storage out the collector's glazing. Remember, in
Chapter 8 we found that windows leak ten times the ambunt of
heat of a well-insulated wall. An entire south wall of glass, then,
represents a big heat loss. Even though the glass walil admits
solar radiation during the day that heats the thick floor, at night
the same glass wall loses much of the stored heat to the out-
doors.

Not only do active solar heating systems have their heat
storage separated from their collectors, but their storage is also
separated from the living space. Stored heat can be used when
required: a heat exchanger can extract solar heat from a water
storage tank in a water-heating system, and In an air-heating
system a distribution fan can blow solar-heated air from a
rockbed. More important, when heat isn’t needed, it can remain
in storage. But in a direct-gain passive house, the heat storage
Isn’t separated from the living space. If the floor of your direct-
gain house gets too hot or too cold, so do you.
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Storage and Living Space are Separated

in an Active System
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As we look at other types of passive solar heating besides
the direct-gain system, we’ll think of them as having either a
diode function or a control function. Diode is a term borrowed
from electronics, and it refers to a device that lets electric cur-
rent flow in only one direction. Thus, the diode function of a
passive solar heating system lets heat flow in only one direc-
tion—into the house but not out of it. The control function, on
the other hand, lets stored heat be controlled—distributing it to
the living space when and where it's needed.

Active systems accomplish the diode function by separ-
ating the solar collectors from the storage. The two are ther-
mally linked only when it's advantageous: when the collector is
hotter than the storage. An active system accomplishes the
control function by separating the storage from the living space.
The two are thermally linked only when it's advantageous: when
the living space gets too cold.
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PASSIVE SOLAR: THE 2 1
DIODE FUNCTION

The diode function—Iletting solar heat flow in but not letting it
flow out easily—can be added to direct-gain solar heating by
movable insulation. To do this, insulation is moved in front of
the glass south wail at night. One passive heating system,
called Drum-wall, has a thick insulating wall that hinges at the
ground. At night it is pulled up against the glass to keep heat
from leaking out; during the day it is lowered to let solar heat
through the glass wall. The system is called Drum-wall because
just inside the glass wall is a stack of water-filled drums used
for heat storage.
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The south wall of a house isn’t the only place where the
diode function can be utilized. Another passive design called
Skytherm uses the roof of a flat house both as a solar coliector
and as a storage medium. The system stores heat in water-filied
plastic bags, similar in construction to water beds. The bags
rest on a metal roof so heat from them can be conducted
through the roof and then radiated to the living space below. The
diode function works by means of large slabs of insulation that
slide on tracks over the bags, insulating them at night. The
black-colored bags absorb solar heat during the day when the
insulating slabs are moved aside by a device similar to a garage-
door opener.
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Movable insulation doesn’'t always mean moving big
slabs of insulation. In Beadws/l, another type of passive solar
heating, the diode function works by moving Styrofoam beads.
A fan blows the beads into the space between two glass layers
on the south wall of a house. When in place, they provide excei-
lent insulation against heat loss through the glass. When the
beads are removed by a suction fan, solar radiation goes
through both glass layers and heats the storage within. Some-
times large vertical fiberglass or metal tubes filled with water
store heat in a Beadwall system. '
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Not all passive heating systems use movable insulation
to achieve the diode function. A system called the Trombé wall
(named after its French inventor) uses quite a different tech-
nique. A masonry wall is built just inside the glass south-wall of
adirect-gain house leaving a gap a few inches wide between the
masonry and the glass. This gap is connected to the living space
by holes in the masonry near the floor and the ceiling.

Air in the gap between the glass and masonry is heated
by convection from the black-painted wall. The lighter, heated
air tends to rise, just as hot air in a chimney rises. It flows out
through the upper holes and is replaced by cool air flowing in
through the bottom holes. This cool air is, in turn, heated by the
wall and flows out through the top holes. Of course, the cool air
flowing in the bottom is the previously heated air which has
given up its heat to the room. The process of circulation based
solely on heating and cooling is called thermosyphon circula-
tion. Instead of a fan blowing air from the solar collector into the
living space, the air moves there by itself. Heat moves by trans-
port heat flow, in a process very similar to natural convection.
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Heat can be /ost by thermosyphon action at night. Air in
the gap cooled by the cold night air tends to sink and flow out
through the bottom holes and is replaced by warm air flowing in
through the top holes. To prevent reverse thermosyphon, as it is
called, the top holes are loosely covered by a thin plastic flap.
The flap operates like the one in the check valve of our rainwater
analogy—it lets warm air flow into the house during the day but
won't let it flow back out again at night.
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The passive heating systems we've just discussed [llus-
trate the diode function. They show how a direct-gain system
can be modified to reduce nighttime heat loss. But that is not to
say these same systems can't perform a control function as
well. Next, we'll see how these and other passive systems can
control solar heat delivered to the living space.
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PASSIVE SOLAR: THE
CONTROL FUNCTION

The control function in passive solar heating affects both when
and where solar heat is delivered to the living space. When con-
siders the timing aspects. Heat delivered when a house is cold is
better than heat delivered when the house is already warm
enough. Where considers distribution. Heat must be delivered
to all rooms in a house, not just the ones that happen to have a
southern exposure. .

One aspect of the control function is seasonal. For exam-
ple, the movable~insulation methods (Drumwall, Skytherm, and
Beadwall) can also be used to adjust the delivery of solar heat
based on the season. Overheating can be reduced by varying the
amount of time during the day that the insulation is in place. For
example, a Skytherm house might have its heat store collecting
solar heat all day in the winter, half a day in the spring, and not
at all in the summer.

Seasonal control of solar heat can aiso be achieved by
using awnings and trees, shrubs, or other plants. Awnifgs and
leafy plants shade a direct-gain house in summer when heat
isn’t needed but let solar heat in during the winter. Since the sun
is high in the sky in the summer, an awning generally provides
more shade in the summer than in the winter. Leafy trees don't
have leaves in the colder months, when solar heat is needed.

Daily control of solar heat is another aspect of the control
function. One way you’'ve already learned about to control heat
on a daily basis is to use lots of storage. |f storage is very large,
the house never gets too hot during the day yet it can warm a
house all night long. The Drumwall, Skytherm, and Beadwall
systems use huge amounts of water storage to reduce the tem-
perature swing and are still able to provide heat overnight.

The masonry wall of the Trombé wall system achieves
daily control in another way. The outer surface of the wall gets
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Plants and Awnings Control Solar Heating
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quite hot, but it is separated from the living space by the wall
itself. As the wall heats up during the day, heat is conducted
through the wall (in addition to the thermosyphon heating men-
tioned earlier). By nighttime, the wall has become quite warm
and continues to conduct its stored heat to the living space. The
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heat delivered by the wall to the living space is delayed from the
late afternoon (when it's not really needed) until nighttime
(when it is needed). This delay in delivering heat depends on
| how thick the wall is—a foot-thick wall seems to be about the
: best. Once the heat gets to the inner wall surface it is transferred
to the living space by radiation and convection heat flow.

The control function may also be achieved on a daily and
a seasonal basis by stopping the solar radiation from entering a
direct-gain house. The Sun Windaw system, as it is called,
replaces the glass south wall with a wall of clear plastic which
has many passages molded into it. When the temperature inside
the house gets too high, a dark-colored liquid is pumped
through the passages. The passages are so close to each other
that most of the sunlight that would enter the house is blocked.
The effect is similar to.lowering a window shade on the south
wall—except that only the dark liquid moves anywhere.

Since the liquid is dark, it absorbs solar radiation. Not
only does it keep the sun from entering a too hot house, but the
fluid itself gets hot. The hot dark liquid is pumped to a storage
tank where it can be used to heat water or the house later at
night. The Sun Window system combines the simplicity of
direct-gain passive heating with the control function of active

solar heating.
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Passive systems can also accomplish the control func-
tion by separating the heat storage from the living space. The
simplest approach to separating the two is to have a direct-gain
greenhouse separated from the house itself. The greenhouse not
only houses plants and stores heat but also acts as a buffer
between the living space and the direct-gain system. In the late
afternoon the direct-gain greenhouse might get quite warm, but
that doesn't necessarily mean the living space will get too warm.
A small fan can be used to draw in air from the greenhouse to
warm the house when required, or vents can be opened to let the
warm air flow into the living space when required.
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You may have noticed that some of the passive systems
we've been discussing aren’t strictly passive. The Sun Window
method uses electricity to pump dark liquid through the plastic
wall, and the greenhouse method can use electricity to blow
heated air into the house. In fact, many passively heated houses
use active methods when convenient. For example, passive
solar houses often use fans to distribute heat from warm south-
facing rooms to cooler north-facing rooms. As improved diode
and control functions are added to the passive direct-gain
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house, the distinction between active and passive may become
blurred. But after all, the purpose of any system is to provide
solar heat as cheaply, reliably, and conveniently as possible,
even if it means combining aspects of both active and passive

solar heating.
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THE THERMIC DIODE

The biggest advantage of passive solar heating systems is their
simplicity and reliability. Since they don’t depend on fans or
pumps which wear out or controllers which malfunction, there's
less chance of something going wrong. Considering how easy it
is for homeowners to forget to change the filters in their fur-
naces, the simplicity of a passive system is appealing. But pas-
sive solar homes must usually be built from the ground up. It is
expensive to add, say, a Trombé wall to your house after it has
been built. However, some passive systems are suitable for
retrofitting—for adding to a home that has already been buiit.
One such system is called the Thermic Diode. The term Thermic
Diode comes from its inherent diode function: it stores heat
when the sun shines on it but doesn’t lose heat at night.

The Thermic Diode is a modufar passive heating unit.
Modular means that it comes in individual units, or modules,

Thermic Diode
Combines
Collector

and

Storage

’

THIcK Y

STORAGE -
TANK j ------ :

133




which can be mass-produced in a factory as the collectors of
active solar heating systems are. But it is also passive; it has no
fans or pumps and requires no electricity to operate. Each mod-
ule contains a complete solar heating system: a solar collector,
a controller, a heat storage unit, and even a heat exchanger. Yet
the Thermic Diode is simple, rugged, and reliable. It doesn't
even have any moving parts that could blind or corrode.
Functionally, the Thermic Diode consists of two flat

- tanks separated by insulation. The tanks are filled with water

and are connected at the top by a check valve and at the bottom
by a return hose. During the day, solar radiation passes through
the glazing and is absorbed by the black outer surface of the thin
collector tank. Heat is conducted through the tank’'s wall,
heating the water inside. The heated water is less dense, so it
rises and flows out through the check valve and into the storage
tank. Cool water from the storage tank flows into the bottom of

~ the collector by way of the return hose. As in a Trombe wall, the

water circulates from the solar collector to the storage tank by
the thermosyphon principle. At night, the collector cools and
the water tries to thermosyphon in the opposite direction; but
the check valve blocks this reverse circulation. The thick insula-
tion prevents heat loss from storage when the valve is closed.
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The check valve can’t be a simple flap valve like the one
that we learned about in our rainwater analogy. The forces that
circulate the water are too minute to open and close a flap valve,
especially if the same valve has to work reliably for twenty or
thirty years. The Thermic Diode uses a specially designed check
valve that has no moving parts. The valve is simply a chamber
filled with water with a layer of oil floating on the water's sur-
face. The oil layer is thick enough so that it covers the top of a
short tube coming from the collector. When the solar collector is
hotter than the storage tank, the water in the collector tries to
rise. It pushes up over the top of the tube through the oil; then it
flows down through the outiet to the storage tank. But when the
storage tank is hotter than the collector, hot storage water tries
to rise and pushes oil down into the tube. Since oil is lighter
than water, it resists being pushed down into the water—the
way it is hard to push a beach ball underwater when you're play-
ing at the beach. Oil is pushed only a short way down the tube;
then it blocks the hot water trying to circulate from storage to

the cold collector.
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Functionally, the oil valve acts just like a check valve. It
lets the hot water flow through in one direction but not in the
reverse direction. Coupled with the thermosyphon circulation
between the collector tank and the storage tank, the oil valve lets
heat flow one way, but not the other. Thermosyphon circulation
and the oil valve provide the same diode function that the con-
troller and pump does in the active system.
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Heat stored in the storage tank can be used for hot-water
heating or for house heating. In hot-water heating, a Thermic
Diode has a heat exchanger built into the storage tank to extract
heat. As we saw earlier for an active system, it can be used as a
preheater for a conventional water heater. Only two pipes need
be connected: one from the watermain, and one going to the
conventional water heater.
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To heat a house by means of baseboard hot water, the
heat-exchanger tubes of several Thermic Diodes can be strung
together so that the output of one serves as the input to the
next. The last tube goes to the auxiliary furnace. For house
heating by forced air, the back wall of the storage tank itseif can
be used as a liquid-to-air heat exchanger. The back walls of
several Thermic Diodes are exposed to a chamber formed
between the Diodes and the house’s wall. Heat flows by convec-
tion from the hot storage water through the storage tank’s walls,
and then by radiation and convection into the chamber. Since
the storage tank is flat, lots of surface area is exposed to the
chamber, letting the heat flow easily from the stored hot water.
The heated chamber air is drawn into a conventional forced-air
furnace for additional heating (if needed) before distribution to

the living space.

Thermic Diode
House Heating
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HEAT FLOW
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In either hot-water heating or house heating, this passive
system separates storage from both the collector (reducing
nighttime heat loss) and the living space (allowing heat to be
delivered only when it's needed). It performs both the diode and
the control functions.
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REFLECTING SOLAR
RADIATION

When we learned about solar radiation we found that it could be
reflected by mirrors or light-colored surfaces. If we can reflect
solar radiation in our solar collector, we can capture more sun-
light. The more sunlight we capture, the more heat we can get
out of the collector. This is true whether we are using an active
or a passive solar heater.

The simpiest way to reflect sunlight into a collector Is
from the ground. White or light-colored pebbles in front of a
Trombé wall system can add one-third more heat. In cold
climates, snow on the ground has the same effect, especially in

winter when the sun is low in the sky.

DIRECT SOLAR
FRALIATION "

Snow Reflects Solar Radiation
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Ground reflection isn’t too important in roof-mounted
collectors, especially those with a low tilt angle. Reflectors—
mirrorlike surfaces often made of plastic film with a shiny
coating—are used to increase the solar radiation that normally
falls on a roof-mounted collector. Reflectors are cheaper than
collectors, so there's a cost advantage in adding reflectors to a
system. A disadvantage is that the reflectors need to be
adjusted regularly, though perhaps only from month to month.
One system, called Pyramidal Optic Condenser, uses the roof
peak of a house to hold reflectors. One of the reflectors is
adjusted to capture both the low winter sun and the high sum-
mer sun.

Reflectors- Capture More Sunlight

WINTER SUMMER
LOW WINTER
SUN

'
o

Fixed reflectors

g/a% widl/
seasonall
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— reflector
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———
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The rainwater analogy to a reflector is a sheet which
catches some extra rain and lets it pour into the rainwater tray.
Since more rain is captured, more will flow down the pipe. But
even though we're capturing more rainwater, the leak doesn’t get
any bigger. Losses are the same with or without the “reflected”
rainwater. Similarly, reflectors add heat (via solar radiation), but
only collectors /ose heat. In the system just discussed, the col-
lectors cover only about half of the area normally needed to heat
a house. Heat loss from the collectors is cut by half, yet the
reflectors insure that the same amount of solar radiation is
absorbed by the collectors.

Passive systems can also use reflectors, One method,
called Sun Louvers, uses venetian blind louvers with a shiny
upper surface to reflect sunlight onto the ceiling of a house or
apartment. Ceiling tiles filled with phase change material absorb
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the reflected solar radiation. As you may recall, phase change
materials store heat without getting hot, so overheating is less
of a problem. The phase change material melts as it absorbs
solar radiation. Later at night, the melted phase change material
solidifies and gives off heat.
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Reflectors are also important in solar air-conditioning. it
may seem strange that solar heat can be used for cooling.
However, using thermodynamic principles, heat can be used to
condense a vapor into a liquid. When the liquid evaporates again
into a vapor it extracts heat—that is, it cools. You feel cold when
you get out of the shower because the water evaporating from
your skin has a cooling effect.

Most of the thermodynamic cycles used for cooling need
heat at a very high temperature—200° F or more. The collectors
we've discussed so far may get that hot, but their efficiency is
very low. Ordinary glazing isn’'t good enough to.yield high effi-
ciency at these high temperatures; heat losses must be further
reduced.

The collectors for solar air-conditioning, called evacu-
ated-tube collectors, cut heat loss in two ways. First, the
absorbing surfaces are surrounded by a tube-shaped vacuum
jacket similar to a fluorescent light bulb. The vacuum jacket
completely eliminates convection heat loss, since no air sur-
rounds the absorbing surface. Second, the absorbing surfaces
are made very small to reduce radiation heat loss—small areas
lose less heat than large ones. Reflectors are placed behind the
evacuated tubes, letting the smaller absorbing surfaces receive
as much solar radiation as a larger surface would.

Heat is removed from the absorbing surfaces by conduc-
tion to tubes through which a liquid is pumped. The liquid often
must be a special one that won't boil at a high temperature. So
little heat is lost that these collectors achieve reasonably high
efficiency even though they operate at very high temperatures;
they are well suited to operating air~conditioning equipment.

Evacuated-Tube Collectors
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Using solar heat for air-conditioning should be a good
match. The cooling is needed only when the sun is out; storing
heat for nighttime use isn’'t necessary. However, the extra
complication of reflectors, vacuum-jacketed collectors, and
heat-driven air conditioners can offset the cost of storage.
Nevertheless, evacuated-tube collectors can help cool buildings
in many hot climates such as the Southwest; they are also effec-
tive in cooling many larger buildings such as stores in shopping
centers.
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WHICH
SOLAR HEATER?

Now you've learned about all kinds of solar heating systems.
Active water-heating systems have pumps that transport hot
water and heat from a solar collector; heat is stored in a water
tank. Active air-heating systems have fans that force air through
ducts in the collectors and transport the heat to a rockbed heat
store. In passive water-heating systems, the sun heats water
without the use of pumps. For example, the Skytherm method
uses movable insulation to prevent nighttime heat loss from
solar-heated bags of water. Passive air-heating systems use the
sun's energy to heat a house without using fans. The Trombé
wall system is typical: thermosyphon action transports heat to
the house by day, and a masonry wall delivers heat to the house
at night.

Which of these systems is best? Which is best suited for
the cold Northeast? for the sunny Southwest? While many fac-
tors are involved, perhaps the most important factor'ls eco-
nomic: how much a certain method costs versus how much
money it delivers. As you learned in Chapter 1, you pay an initial
cost (sometimes called first cost) for a solar heater when it is
installed, and you hope it will pay for itself, or even make money
for you.

Imagine two empty jars on a balance scale. When you pay
the initial cost of a solar heating system, it is like filling up one
of the jars. The water in the jar represents your initial invest-
ment. You'd add water to represent the cost of the solar heater
itself and the cost of installation (usually one-third of the total).
Then you would take out the amount that represented the tax
credits your state and federal governments give you to “go
solar” (one-fourth or more of the total). At this point, you've
invested a lot of money in a solar heater, and you've gotten no
benefit from it at all.
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Classification of Solar House Heating
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Large Initial Cost
nstalshon costs of Solar Heater

[

INITIAL co5T NET INCOME
CF SOIAR HEATER FROM SOLAR HEATER

Over the next few years, however, you will save some
money each year on your heating bills. The auxiliary unit won’t
be running all the time because some part of the heat you use
will be solar heat. But you will also be paying out some money
each year to maintain the solar heater in good operating condi-
tion, and possibly to pay interest on a loan you took out to buy it
in the first place. We can add some water to the other jar each
year to represent the net income from the solar heater: savings
in fuel minus interest and cost of maintenance.

First Few Years: .
Initial C.Zost il fuel / /‘
Outweighs Income ==
annual mierast
vl tera msf
" e : e-annus/
. mainterance
—= cost
. S
INITIAL. CO5T NET INCOME
OF SHAR HIATER FROM SOLAR HEATER
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If the cost of fuel went up—as it seems to do each year—
then each year your net income would be more. If the solar
heater had a major malfunction and all the solar collectors had
to be replaced, the net income would be much less. Either way
the solar heater would be a loss, since the income over the last
few years still wouldn’t equal the initial cost. : '

After a few more years your solar heater would start
making money. Each year you would add water to the net-in-
come jar until the net-income jar outweighed the initial-cost jar.
Thereafter you’d make money on your solar heater.

Several Yearslater:
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P nterest
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Trying to trade off these factors—solar heater cost,
installation cost, maintenance cost, and fuel savings—is
usually a very difficult process. And although cost alone is an
important factor, it is not the only important one. Others are risk
(will a solar heater last?), appearance (will it look ugly?), and
convenience (will the house be cold in the morning?).

To understand how all these factors combine, think of
conventional heating systems. In the United States, most
houses are heated by natural gas, oil, or electric heaters. Elec-
tric heating is by far the most expensive “fuel”; the same
amount of heat produced by electricity costs twice as much as
heat produced by oil. Oil and natural gas heat cost about the
same, although gas heat is still a little cheaper than oil heat. But
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in spite of the high operating cost of electricity, it is very cheap
to install, requires virtually no maintenance, and is very conve-
nient (allowing individual room thermostats, for example). Oil or
gas heating, while yielding significant fuel savings compared
with electric heating, have a higher initial cost, are difficult to
install (there are lots of water pipes, or air ducts), require more
maintenance, probably won't last as long, and aren’t as conve-
nient. You might be surprised to know that despite the fuel sav-
ings of natural gas and oil, about half of the housing units being
built today are electrically heated.

The decision as to which kind of solar heater to buy is
similar to the decision as to which kind of conventional heater to
buy. There are similar trade-offs between fuel savings, installa-
tion cost, maintenance cost, and the cost of the heating system
itself. Just as no single conventional heating system is best,
perhaps no single solar heater is best. Each type of system must
find its own niche: a climate, a buiiding style, or even a life-
style that makes one system more suitable for you than another.
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Glossary

absorption: The process by which solar radiation is converted
to heat when it strikes a dark colored surface; also refers
to radiation heat flow transferring to a surface.

active: A solar heating system that uses a pump (water-heat-
ing) to transfer solar heat to storage.

air-heating: A system using air as the heat-transfer medium in
a solar heating system. Heat is usually stored in a rock-
bed.

analogy: A device or function that is somehow equivalent to
another device or function; for example, a gold mine is an
economic analogy to a solar collector.

auxiliary: A furnace or other heating system used as a backup
to a solar heater; for use when the solar heater can’t
provide all the heat required.

awnings: shading devices made of fabric or other material that
block solar radiation; used for seasonal control

backup: An auxiliary heater used when the solar -heating
system can’t provide all the heat required. v

baseboard heaters: Heating devices in houses using either hot
water or electricity that are installed along the baseboard
of aroom. They heat primarily by convection heat flow.

beadwall: A way to prevent nighttime heat-loss from a passive
system by blowing styrofoam beads into the space
between two glass layers on the south wall of a house.
The beads are sucked out during the day.

biomass: Using the sun to grow plants such as trees or aigae
which are then harvested to produce energy.

boiling protection: Preventing damage in a solar hydronic
system due to water inside boiling when the pump mal-
functions.

caulking: Putting a plaster-like material in the cracks of a
house or window to prevent infiltration heat loss.
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changing phase: Changing from a solid to a liquid (melting) or
from a liquid to a solid (solidifying). When a material
changes phase it requires or gives up latent heat.

check valve: A valve that lets water flow through it in only one
direction; analogous to the controller of an active solar
heating system.

collector: The part of a solar heating system that captures the
sunlight. Collectors gain heat from the sun but lose some
of it by radiation and convection. -

collector efficiency: The fraction of incoming solar radiation or
rainwater that gets stored. Efficiency is low when the col-
lector is hot and high when it's cool.

collector temperature: The average temperature of the solar
collector (it might be a little hotter near the outlet and a
little cooler at the inlet); analogous to pipe depth.

condense: Changing the phase of a material from gaseous
phase to the liquid phase; for example, steam condenses
into water; the opposite of evaporate.

conduction: Heat flow through a material where the material
itself doesn’t move; a type of thermal resistance.

conductor: A material which allows heat to flow through it
easily (such as a metal); the opposite of an insulator.

conservation: Using less heat in a building by reducing the
building’s heat losses. More insulation, weather-strip-
ping, caulking and storm windows all conserve heat.

control function: Controlling when and where solar heat is
added to the living space from storage.

controller: A device that controls when the pump or fan on a
solar heating system should be turned on. It usually uses
information from collector and storage temperature
sensors.

convection: -Heat flow from a surface into the surrounding gas
or liquid (usually air or water); a type of thermal resis-
tance.

conventional heater: A heating system other than solar; for
example, gas-fired furnaces, baseboard heaters, oil
furnaces. ’

corrosion: When metals disintegrate, usually because of
chemical action by oxygen (e.g., rusting) or other sub-
stances. Usually water-heating systems have more cor-
rosion problems than air-heating systems.

crushed rock: Heat storage material used in rock-bed air-col-
lector systems. Rocks are usually about the size of an

egg.
daily control: Controlling solar heat over a day’s period: not
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too much heat in late afternoon but heat stored for use at
night; for example, a masonry wall.

depth: The level of liquid in a container; analogous to tempera-
ture.

depth difference: One level subtracted from another level; dif-
ference between two levels or depths; analogous to tem-

, perature difference.

diode function: The method by which solar heating system
allows heat to go to storage’ when it’s available but pre-
vents heat loss from storage at night; for example, a con-
trolier in an active system provides a diode function.

direct-gain: A passive system where the sun heats the floor or
walls of the house directly through south-facing

~ windows.

direct use: Using the sun’s radiation directly as in heating and
generating electricity.

distribution: Getting heat to the living space. In a passive
house, distribution to north-facing rooms is often diffi-
cuit.

double-glazing: Using two layers of glass on windows or solar
collectors to reduce heat loss. The still air in the space
between the windows acts as a good insulator.

downhill: Direction of heat flow (from a higher temperature to
a lower one); direction of volume flow (from a higher
depth to a lower one).

drain-down: Draining a solar hydronic system at night to
prevent water from freezing in its collectors.

drumwall: A passive system which uses water-filled drums for
heat storage and a hinged, insulating wall to prevent
nighttime heat loss. '

electric furnace: A heater where forced air is blown past elec-
trically-heated coils. The air is heated by convection from
the coils’ surface.

electromagnetic radiation: A class of radiation whose different
“pitches” include solar radiation, radiation heat flow,
x-rays, light, microwaves, T.V. waves and radio waves.

evacuated tube collector: A collector with a vacuum jacket and
reflectors that reduces heat losses and improves effi-
ciency at very high temperatures.

evaporate: Changing the phase of a material from liquid phase
to gaseous phase; for example, water evaporates to form
water vapor (steam); the opposite of condense

fan: A device which blows air in an air-heating solar system or
in a forced-air heating system. A fan moves heat by tran-

sport heat flow.
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fiberglass batting: An insulator made from loosely-packed
glass fibers, coming in thick layers which can be stapled
to a wall or layed between ceiling rafters. Heat flows by
conduction through batting since the fibers prevent con-
vection.

fin: A thin sheet of metal in a heat exchanger that conducts
heat to the surrounding gas or liquid.

first cost: The amount you pay for a solar heater when you first

v buy it; sometimes called the initial cost.

flap valve: A check valve that uses a flap to block the liquid
flow in one direction, but allow flow in the other direc-
tion.

flat-plate collector: A collector which remains fixed in posi-
tion; the collecting part of a flat-plate solar heating
system. ,

fluid resistance: Impediment or resistance to fluid flow. A high
fiuid resistance means fluid flows with difficulty, a low
fluid resistance means fluid flows easily.

forced-air: Heating a house using heated air forced into the
rooms by fans.

forced convection: Convection by a gas or liquid forced over a
surface; for example, a pump forcing water through a
pipe or a fan blowing air over a brick—in contrast to
natural convection where an object’s temperature alone
causes flow past its surface.

fossil fuels: Fuels derived from the fossils of plants that died
millions of years ago; oil, natural gas and coal are all
fossil fuels.

freeze protection: Protecting a solar hydronic system at night
to prevent water from freezing in its collector.

fuel savings: The money you make each year on solar heater
because it's eliminating some of the fuel costs you would
otherwise have.

glazing: Transparent cover (or covers) that prevent heat losses
from a solar collector. Glazing is usually made of plastic
film or glass.

glycol: An antifreeze additive to water.

ground reflection: Solar radiation reflected from the ground
(e.g., by snow) into a solar collector; more heat can be
captured by a collector with ground reflection.

greenhouse: A passive system which separates the collector
and storage from the living space by means of a green-
house buffer.

greenhouse effect: The property of glass where solar radiation
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passes through but radiation heat flow is blocked. In
greenhouses, sunlight enters but heat is trapped by the
glass.

heat: A quantity indicating how much energy a substance con-
tains; analogous to volume.

heat exchanger: A device which is designed to transfer heat
easily. Heat transfer can be between a liquid and gas or
between liquid and liquid; analogous to the tap on the
rainwater collecting system.’

heat flow: The movement of heat from one place to another
due to temperature differences; analogous to volume
flow.

heat-flow path: Path which heat takes as it moves by conduc-
tion through a material from a high temperature to a lower
one. Length of flow path is how far the heat travels, area
of the flow path is how much material the heat flows
through at each point along the path.

heat losses: Heat flow from an object that is lost; for example,
heat flowing from a house on a cold day are house heat
losses.

heat storage: Keeping heat collected at one time for use later
on; analogous to volume storage. Heat is stored by
materials when they get hotter or when they’re meited.

heat store: Part of a solar heating system that stores heat.

heat transfer medium: A gas or liquid that moves heat by either
convection or transport heat flow.

high-pitched: In sound, radiation refers to high notes that
come from instruments like violins and flutes. In electro-
magnetic radiation it refers to solar radiation (and light
and x-rays, as well). .

hot-water heating: Solar energy used to heat water for
showers, laundries, cooking, dishwashing and so forth.

house heating: Solar energy used to heat a house. (See space-
heating.)

hydronic: A solar heating system that heats water in its collec-
tor and stores heat in a water tank; a water-based heating
system.

indirect use: Using the effects of the sun’s radiation for
energy. Fossil fuels, biomass wind power and ocean cur-
rents are examples.

infiltration: Heat loss from a house due to cold air leaking in
cracks and warm air leaking out through cracks or chim-
neys. Some infiltration is needed or a house feels stuffy.

initial cost: The amount you pay for a solar heater when you
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first buy it; sometimes called the first cost.

inlet: Where the air or water enters a solar collector or other
device.

installation: The cost of getting a solar system from the crates
its delivered in to a working solar heater. Installation
costs are a part of the first cost.

insulated-plate collector: An unglazed solar collector with an
insulated metal plate but no means for extracting solar

“heat. :

insulation: General measure of thermal resistance. Insulation
resists the flow of heat.

insulator: A material that prevents heat from flowing easily by
conduction. High insulation corresponds to high thermal
resistance; opposite to a conductor.

interest: ,* Interest is the cost of money.

latent heat: Heat stored by melting and solidifying a sub-
stance, such as wax. Phase change materials store heat
latently.

latitude: How far a point on the earth’s surface is from the
equator. A solar collector near the equator (low latitude)
usually has a smaller tilt angle than one nearer to the
poles (high latitude).

leafy plants: Deciduous plants which block the sun in summer
but allow solar heating in winter; used for seasonal
control of solar radiation.

living space: The space in a house that people live in.

liquid-to-air heat exchanger: A device that transfers heat from
liquid to a gas; for example, a car radiator or a baseboard
heater.

liquid-to-liquid heat exchanger: A device that transfers heat
from a liquid to another liquid; for example, a coil in a
heat storage tank.

low-pitched: In sound radiation it refers to low notes that
come from instruments like basses and tubas. In electro-
magnetic radiation it refers to radiation heat flow (and
radio, T.V. and microwaves as well).

maintenance: Keeping your solar heater working will cost you
either time or money. Maintenance costs reduce the
income you get each year from your solar heater.

masonry wall: A passive solar house that lets solar radiation
heat a glass-covered masonry wall. Heat is conducted
into the house through the wall.

mass-production: Making products in a factory where less
human labor is needed. The result is that most things can
be produced cheaper in a factory.

melting: Changing phase from a solid to a liquid. Most phase
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change materials (like wax) require extra (or latent) heat

melt.

modular: A solar system that's made In individual units or
modules, each module having the capability of an entire
system; for example, a thermic diode is a modular solar
heating system.

movable insulation: Moving insulation on a passive solar heat-
ing system in a way to prevent heat loss at night; for
example, “Drum-wall” and “Skytherm”.

natural convection: Convection caused solely by an object’'s
temperature. Gas or liquid near a hot surface rises, near a
cold surface falls; differs from forced convection where
the gas or liquid is forced over the surface.

new income: The income you actually get from a solar heater
each year—annual fuel savings less maintenance and
interest.

nighttime loss: Heat loss from a solar collector at night. A
controller of an active system turns off the pump or fan at
night to prevent nighttime heat loss. Passive systems use
movable insulation and other means.

oil valve: A check valve in a thermic diode uses oil in a cham-

ber to block flow in one direction but allow flow in the

other direction.
outlet: Where the air or water leaves a solar colector or other

device.

overcast day: A day when solar radiation is biocked by clouds
or haze. A cloudy day may have only a fifth the solar
radiation of a clear day.

over-heat: The tendency for some passive solar heating
systems to get too hot in the late afternoon.  ’

parallel configuration: Where a solar heater and auxilliary
heater combine to heat a house; in contrast to a series or
preheater arrangement.

passive: A solar heating system that doesn't use fans or
pumps to transfer solar heat to storage.

phase-change materials: Materials that store heat latently by
melting and solidifying, that is, by changing phase.

photovoltaic: Devices which convert sunlight directly to elec-
tricity.

pre-heater: A way to use a solar heating system where solar
heat warms the air or water and then an auxilliary heater
or furnace finishes the heating by adding additional heat
to the air or water.

pump: A device which forces water through an active solar
heating system; analogous to the fat-connecting tube on
arainwater collector system.
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pyramidal optical condenser: A solar heating system that has
relfectors mounted in the roof peak of the house.

radiation: Heat flow from a surface by electromagnetic waves;
no surrounding liquid or gas is necessary (can occur in a
vacuum); a type of thermal resistance.

radiator: A device in a home or car to let heat flow easily from
heated water into the air. In a car ir cools the car’s engine,
in a home it warms a room. Radiators usually transfer

. more heat by convection than by radiation heat flow.

rainwater collector: A tray used to catch rain waater; anal-
ogous to a solar collector.

rainwater equivalent: A part of or function on a rainwater col-
lector system that is analogous to a solar collector
system.

reflectio: The process by which solar radiation, on striking a
light-colored surface, is not absorbed—it reflects away;
also refers to radiation heat flow on striing a shiny
surface.

reflector: A shiny surface that reflects sunlight into a collector
to increase the solar radiation it absorbs.

regulated hot water: Hot water whose temperature is held
more or less fixed.

reliable: A solar heating system that’s rugged and simple and
expected to operate a long time without need of repair.

retrofit: Installing a solar system on an existing house rather
than on one that’s just being buiit.

return hose: A hose in a thermic diode that lets cool storage
water return to the collector.

reverse thermosyphon: A way in which a passive thermo-
syphon system can lose heat at night by the air or water
circulating in the reverse direction.

rock-bed: The storage medium for an active air-heating col-
lector system. Rocks are crushed and held in an air tight
container with appropriate ducts.

seasonal control: Controlling solar heat through dthe various
seasons; for example, awnings block the summer sun but
allow solar heat in winter.

selective coating: A coating on the absorber plate of a solar
collector that absorbs solar radiation but prevents radia-
tion heat flow.

selective surface: A solar collector absorbing surface with a
selective coating. Radiation heat loss from the surface is
reduced.

series configuration: A solar heater used as a pre-heater to an
auxiliary heater.

set temperature: The temperature a thermostat is set to.
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silicon: A material that’s used to make photovoltaic solar cells
that convert sunlight to electricity.

silvered surfaces: Shiny, mirror-like surfaces which reflect
both radiation heat flow and solar radiation.

sky temperature: The temperature of the sky. Usually it's
cooler than the outdoor temperature, especially when
there are no clouds and where it's very dry (as the
desert).

Skytherm: A passive system with rooftop water bags storing
heat and insulating slabs that slide over the water bags at
night to prevent heat loss.

solar air-conditioning: Using solar heat to cool a building.
Often evacuated tube collectors with iow heat loss must
be used.

‘solar cells:  Photovoltaic devices which convert solar radiation
directly to electricity; used in space satellities, watches
and calculators.

solar radiation: A type of electromagnetic radiation coming
from the sun that heats objects when it’s absorbed. Solar
radiation is reflected by light-colored surfaces and
absorbed by dark-colored ones. It goes through trans-
parent materials like glass and plastic.

solidifying: Changing phase from a liquid to a solid. Most
phase-change materials (like wax) give up extra or latent
heat on solidifying.

sound radiation: A class of radiation that lets us heat. Sound
radiation is divided into high pitches (violin and flute
sounds) and low pitches (base and tuba sounds).

south-facing: Toward the equator; the best direction to point a
solar collector in the northern hemisphere. In the south-
ern hemisphere, for example, Australia, the besvcollector
orientation is north-facing. '

space heating: Heating of a house’s living space; in contrast to
hot water heating and swimming pool heating.

stagnation depth: The depth a rainwater collector gets when
no rain water is being saved. The stagnation depth is
higher when more rain is caught; analogous to stagnation
temperature.

stagnation temperature: The temperature a solar collector gets
when no heat is being saved. It's higher when more sun-
light is falling on the collector, and when the collector is
glazed; analogous to stagnation depth.

still air: Air which isn't moving. Heat loss from a surface in
still air is by natural convection and is much less than if

the air is moving.
storage material: Material that stores heat in a solar heating
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system. Storage materials are rock-beds, water tanks,
concrete walls and water-filled drums.

storage temperature: The average temperature of the heat
stored (it might be a little hotter at the top and a little
cooler at the bottom because of stratification); analogous

to tank depth.

stratification: The tendency for heated air or water to stay at
the top of a storage container.

sun louvers: A passive solar space-heating system where sun-
light is reflected by louvers into ceiling-mounted phase-

change material. The phase~change material provides nighttime
heat as it solidifies.

sun window: A system which uses a dark fluid to block solar
radiation when it's not needed. The dark fluid is pumped
thmough passages within the collector.

surface area: The outside surface of an object that loses heat
by convection or radiation. The bigger the surface area,
the more heat lost.

swimming pool heating: Solar energy used to heat swimming
pool water. The pool itself stores the heat.

tap: An outlet on the side of a rainwater storage tank from
which to draw stored water; analogous to the heat
exchanger of a solar heating system.

tax credits: Many states and the Federal government give tax
relief to people who use solar equipment. Tax credits
reduce the solar heater's first cost.

temperature: The hotness of an object measured with a ther-
mometer; analogous to depth.

temperature difference: One temperature substracted from
another temperature; analogous to depth difference.

temperature rise: The temperature difference between inlet
and outlet of a solar collector; the temperature of a heat
storage tank above the temperature to which it delivers
heat.

temperature sensor: An electronic device that measures the
temperature of collector or storage; used to signal a con-
troller when to turn ona pump or fan.

temperature swing: The typical change in temperature
between early morning and late afternoon in a passive
solar heating system.

thermal contact: Two objects that can transfer heat easily from
one to the other, usually by conduction,

thermal resistance: Resistance or impediment to heat flow. A
high thermal resistance means heat flows with difficulty,
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a low thermal resistance means heat flows easily; meas-
ure of how well-insulated something is.

thermic diode: A passive solar heating module that works on
the thermosyphon principle. It has an inherent diode
function to prevent heat loss at night.

thermodynamic cycle: A method of using heat to give a
cooling effect by evaporating (boiling) a liquid and then
condensing (liquefying) it again.

thermostat: A device used to control when a furnace turns on
and off depending on the temperature of the room it's in.
A thermostat tries to hold the room’s temperature at a
fixed point.

thermosyphon: Heat transferred by a circulation process
where heated water or air rises and is replaced by cooler
water or air. Trombe walls and thermic diodes use ther-
mosyphon action.

tilt angle: The angle a solar collector makes with the horizon-
tal. Besides facing south, collectors have a high angle for
house heating, medium for hot water heating, and iow for
swimming pool heating.

tracking system: Solar collectors which follow the sun. Also
tracking mirrors follow the sun, keeping the sun’s reflec-
tion focused on a stationary point.

transmission: The process by which solar radiation goes right
through transparent materials such as glass, plastic and
air.

transparent: A material through which light can pass such as
glass or plastic film.

transport: Heat flow by transporting or moving a substance
which is hot. Often the substance moved is a gas or
liquid (air or water); a type of thermal resistancee

trombe wall: A passive solar house using a glass-covered
masonry wall with air holes at top and bottom of the wall.
Heat is transferred to the house by conduction through
the wall and thermosyphon through the air holes.

unglazed: A collector with no glazing; convection heat losses
are high without glazing since the absorbing surface is
exposed to the wind.

useful heat: The heat stored above rocom temperature in a
house heating application. Heat stored below room
temperature isn't useful because it can’t warm the room
(except as a pre-heat for a furnace); analogous to useful

volume.
useful volume: The volume stored in a tank above the outlet
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tap; analogous to useful heat.

vacuum jacket: A vacuum around an evacuated tube collector
that prevents convection heat loss.

vapor: The gaseous phase of a material; for example, steam is
the gaseous phase of water.

volume: The amount of space that a liquid occupies; analo-
gous to heat.

volume flow: The movement of volume from ‘one place to
another; analogous to heat flow.

water-heating: Using water as the heat transfer medium in a
solar heating system; a hydronic system.

water main: The pipe that brings cold water into a house from
aresidential water system.

weatherstripping: Putting felt or foam rubber around doors
and windows to prevent heat loss by infiltration.

wind power: Using the wind to produce power such as to pump
water, grind grain or generate electricity. The wind is
indirectly caused by solar energy.
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Absorption, 56, 65, 68, 69, 82, 91,
93, 94, 107,109, 117, 122, 129

Active, 115, 116, 119, 120, 129, 130,
135, 138, 145

Air-heating, 107, 108, 109, 110, 111,
112, 113, 119, 145

Analogy, 9, 12, 37, 44,47,52, 66, 73,
91, 93, 101

Auxiliary, 103, 106, 137, 147

Awnings, 127

Back-up, 105

Baseboard heaters, 43, 104, 108, 137
Beadwall, 122, 127

Biomass, 1

Boiling protection, 112

Caulking, 52

Changing phase, 41

Check valve, 88, 89, 91, 93, 95, 99,
100, 124, 134,135

Collector, 689, 60, 61, 63, 65, 66, 67,
69,72,73,77,78,79, 80, 82,
87,94, 97, 102, 107, 110, 112,
118, 117, 119, 120, 122, 123,
134, 135, 137, 139, 140, 142,
143

Collector efficiency, 74, 76, 77, 78, 81,
82,94,99, 110

Index

Collector temperature, 82, 92, 110

Condense, 142

Conduction, 20, 21, 23, 26, 49, 50, 51,
52, 72,83, 102, 108, 122, 128,
134, 142

Conservation, 53

Control function, 120, 125, 129, 130,
137

Controller, 89, 91, 93, 94, 99, 100, 110,
119, 133, 135

Convection, 21, 26, 28, 29, 31, 49, 50,
51,66, 71, 76, 82, 89, 101, 108,
110, 123, 129, 137, 142

Conventional heater, 103, %86, 148,
149

Corrosion, 111

Crushed rock, 39, 108

Daily controi, 127, 129

Depth, 37, 44, 73, 87

Depth difference, 12, 14, 15, 26, 45,
47

Diode function, 120, 121, 122, 123,
125, 133, 135, 137

Direct-gain, 115, 116, 117, 118, 119,
120, 121, 123, 127, 130

Downhill, 14, 15, 16

Direct use, 2, 3

Distribution, 127, 130, 137
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Double-glazing, 50, 51
Drain—-down, 112
Drumwall, 121, 127

Electric furnace, 105
Electromagnetic radiation, 56
Evacuated tube collector, 142, 143
Evaporate, 151, 152

Fan, 110,113, 119, 122, 123, 130,
145

Fiberglass fatting, 33, 49

Fin, 104, 108

First cost, 145

Flap valve, 124, 135

Fiat-plate collector, 4, 5, 7, 61, 98

Fluid resistance, 19

Forced-air, 137

Forced convection, 82, 83, 108

Fossil fuels, 1

Freeze protection, 112

Fuel savings, 148, 149

Glazing, 81, 82, 83, 84, 85, 92, 98, 99,
108, 109, 116, 134, 142

Glycol, 113

Ground reflection, 140

Greenhouse, 56

Greenhouse effect, 56, 130

Heat, 9, 10, 11, 12, 13, 37, 67, 69, 139

Heat exchanger, 102, 103, 104, 119,
134, 136

Heat flow, 11, 13, 14, 43, 44, 55, 72,
102

Heat flow path, 23, 24, 25, 26 ’

Heat losses, 43, 45, 46, 47, 49, 50, 52,
67, 78, 82, 83, 84, 85, 95, 110,
116, 117, 119, 122, 140, 142

Heat storage, 37, 39, 43, 59, 71, 72,
77,87,88, 89,90, 93, 94, 95,
101, 102, 103, 104, 105, 117,
118, 119, 120, 121, 122,127,
128, 129, 130, 133, 136, 137
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Heat store, 145

Heat transfer medium, 35, 119

High-pitched, 55, 56, 84

Hot water heating, 5, 55, 63, 79, 81,
84, 85, 101, 105, 106, 107, 111,
136, 137 :

House heating, 43, 55, 63, 79, 80, 84,
101, 104, 105, 106, 111, 116,
136, 137

Hydronic, 107, 110, 111, 112, 113

Indirect use, 2

Infiltration, 52

Initial cost, 145, 147, 148

Iniet, 107

Instaliation, 145, 148, 149

Insulated- plate collector, 71

Insulation, 20, 50, 51, 52, 53, 65, 72,
115, 116, 117, 119, 121, 122,
123,134

Insulator, 23, 50, 51

Interest, 147

Latent heat, 40, 41

Latitude, 51, 63

Leafy plants, 127

Living space, 119, 120, 122, 123, 125.
129, 130, 137

Liquid-to-air heat exchanger, 107, 111,
137

Liquid-to-liquid heat exchanger, 104,
105, 108

Low-pitched, 55, 56, 84

Maintenance, 147, 148, 149

Masonry wall, 123, 127, 128, 145

Mass-production, 134

Melting, 40, 42

Modular, 133

Movable insulation, 121, 123, 127,
145

Natural convection, 28, 82, 83, 102,
108, 123

Net income, 147, 148




Nighttime heat loss, 87, 119, 137, 145

Qil valve, 135, 136
Outlet, 107
Overcast day, 69
Overheat, 117

Parallel configuration, 105

Passive, 115, 116, 119, 120, 121, 122,
123, 125, 129, 130, 133, 139,
140, 145

Phase change materials, 41, 141

Photovoltaic, 3

Pre-heater, 103, 104, 105, 136

Pump, 72, 75, 89, 90, 92, 93, 94, 99,
110, 112, 113, 119, 133, 135,
145

- Pyramidal optical condenser, 140

Radiation, 22, 31, 32, 33, 49, 50, 51,
55, 56, 57, 58, 66, 67, 76, 82,
83, 84, 89, 108, 110, 122, 129,
137, 142

Radiator, 104

Rainwater collector, 66, 68, 73, 82,
87, 89, 91

Rainwater equivalent, 95, 110, 117,
135, 140

Reflection, 32, 57

Reflector, 140, 141, 142, 143

Regulated hot water, 103

Reliable 134, 135

Retrofit, 133

Return hose, 133

Reverse thermosyphon, 124, 134

Rock-bed, 108, 109, 145

Seasonal control, 127, 129

Selective coating, 84

Selective surface, 84

Series configuration, 105

Set temperature, 43

Silicon, 3

Silvered surfaces, 32, 140

Sky temperature, 83

Skytherm, 122, 127, 145

Solar air-conditioning, 142, 143

Solar cells, 3, 4

Selar radiation, 55, 56, 57, 58, 59, 66,
67, 68, 69, 70-72, 77, 78, 84,
89, 91, 92, 97, 99, 107, 110,
117, 119, 139

Solidifying, 40, 41, 141

Sound radiation, 55, 56

South-facing, 116

Space heating, 79

Stagnation depth, 66, 69, 100

Stagnation temperature, 65, 68, 69,
76, 92

Still air, 27, 28, 82

Storage material, 38, 39, 40

Storage temperature, 76, 79, 93, 95

Stratification, 108

Sun louvers, 140

Sun window, 129, 130

Surface area, 27, 31, 33, 108

Swimming pool heating, 77, 78, 79,
85, 101

Tap, 101

Tax credits, 145, 147

Temperature, 9, 10, 11, 13, 14, 69,

92 v

Temperature difference, 11, 14, 19,
20, 23, 26, 27, 29, 32, 34, 45,
47,79, 83,93

Temperature rise, 111

Temperature sensor, 89

Temperature swing, 117, 118, 127

Thermal contact,

Thermal resistance, 19, 20

Thermic diode, 133, 134, 135, 137

Thermodynamic cycle, 142

Thermostat, 43, 45, 47

Thermosyphon, 123, 124, 128, 135, 145

Tiit angle, 63, 140

Tracking system, 4

Transmission, 99
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Transparent, 58, 82

Transport, 22, 35, 49, 71, 72, 110, 119,
145

Trombe wall, 123, 127, 130, 133, 134,
139, 145

Unglazed, 82:85

Useful heat, 38
Useful volume, 38
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Vacuum jacket, 142

Vapor, 142

Volume, 9, 10-12, 26 39, 44
Volume flow, 44

Water-heating, 109-111, 119, 145
Water main, 103, 136
Weatherstripping, 52

Wind power, 2
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Dr. Shawn Buckley, an engineering profes-
sor at MIT for the last seven years, is pri-
marily an inventor. He holds seven patents
in fields as diverse as control systems, solar
energy, and automated manufacturing. In
the classroom, Professor Buckley teaches
courses in systems and design. It is through
this classroom experience that the author
has deveioped his views that analogy makes
learning easier.

M.LT. Photo Lab

Most current books either explain solar energy using mathematical equations
which are unfamiliar to the general public or discuss solar energy generally
but do not explain just ho&v solar systems actually work. This book fills the
gap between these two approaches. The concepts of soiar energy are explained
without resorting to mathematical equations but still allow one to understand
how the sun’s heat can be used.
*“QOne attractive feature of solar technologies is that the layman can understand
them. Shawn Buckley’s new book demonstrates this admirably. It is a clear, in-
teresting introduction to the principles of solar space conditioning that can be
understood by everyone who has boiled eggs or turned off a radiator.”
Denis Hayes
Senior Researcher, Woridwatch Institute
Chairman of the Board, Solar Lobby
Washington, D.C.

“Using solar energy to heat our water and our homes, and to create electricity,
is one of the most important tasks of the coming generation. This excellent
book will help the average citizen understand the essentials of how solar en-

ergy can work.’’
Tom Hayden
Member of SolarCal Council
State of California

“In this age of declining oil supply, the perpetual energy of the sun becomes
increasingly important. Dr. Buckley’s book shows, in a very clear way, what
can be done in home design to reduce dependence on fossil fuels by using
solar energy.”’ Professor Jay Forrester,
of “Limits to Growth’* fame

. x ;\’ﬁ*‘.. .
““Making the basic concepts more easily accessible is bne answer, Fortunately,

Shawn Buckley, an MIT professor, is a technician with the ability to simplify
solar technology for a general audience.”

Senator Paul Tsongas -

Washington, D.C.
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